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ABSTRACT 


This  report  covers  in  detail  the  solid  state 
research  work  of  the  Solid  State  Division  at 
Lincoln  Laboratory  for  the  period  1  November  1981 
through  31  January  1982.  The  topics  covered  are 
Solid  State  Device  Research,  Quantum  Electronics, 
Materials  Research,  Microelectronics,  and  Analog 
Device  Technology.  Funding  is  primarily  provided 
by  the  Air  Force,  with  additional  support  pro¬ 
vided  by  the  Array,  DARPA,  Navy,  NASA,  and  DOE. 
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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

The  response  speed  of  InP  optoelectronic  switches  has  been  enhanced  by 
using  proton  bombardment.  Response  times  following  bombardment  of  less  than 
100  ps  have  been  deduced  from  photoconductivity  measurements. 

Individual  bit  channels  of  a  A-bit  guided-wave  electrooptic  analog-to- 
digital  converter  have  been  operated  at  828  MS/s.  The  conversion  of  an  ana¬ 
log  signal  with  the  highest  reported  frequency  of  413  MHz  was  demonstrated  by 
means  of  a  beat-frequency  test. 

A  mass-transport  phenomenon  has  been  utilized  to  achieve  GalnAsP/lnP 
buried  heterostructure  (BH)  lasers.  The  novel  technique  is  considerably 
simpler  and  more  easily  controlled  than  previously  reported  ones,  and  has 
resulted  in  BH  lasers  with  threshold  currents  as  low  as  9.0  mA. 

II.  QUANTUM  ELECTRONICS 

An  average  output  power  of  7.3  W  at  a  50-Kz  pulse  rate  has  been  obtained 
from  a  Co:MgF2  laser,  and  20  mJ  has  been  generated  in  a  200-n8-wide  output 
pulse  in  Q-switched  operation.  Scaling  relations  to  extend  Q-switched  opera¬ 
tion  to  higher  energies  have  been  calculated. 

o  . 

As  part  of  an  effort  to  understand  the  basic  mechanisms  of  the  MgF2:V 
laser,  a  theoretical  fit  for  the  A2  T2  zero-phonon  absorption  spectrum  in 
o  and  X  polarization  has  been  obtained.  The  fit  indicates  the  presence  of  a 
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strong  Jahn-Teller  interaction  for  the  T2  level. 

Raman  spectra  of  ultrathin  Si  films  are  being  investigated  as  a  probe  of 
grain  sizes  in  beam-recrystal  1 ized  semiconductor  materials.  A  strong  broad¬ 
ening,  as  well  as  a  low-frequency  tail  in  the  Si  phonon  spectrum,  is  observed 
as  the  film  thickness  is  decreased  to  ~30  A. 


Photolysis  of  H2S  with  an  ArF  excimer  laser  has  been  used  to  form 
p-n  junctions  in  GaAs  by  S-doping.  Solar  cells  having  AMI  efficiencies  of 
10.8  percent  have  been  fabricated  from  these  junctions. 

Laser  photochemical  etching  and  deposition  have  been  used  to  fabricate 
high-aspect-rat io,  through-wafer  via  conductors.  This  technique  for  via- 
conductor  fabrication  should  have  application  in  the  assembly  of  large-area 
focal-plane  detectors. 

Heterodyning  in  the  visible  has  been  carried  out  in  GaAs  FETs  with  IFs 
up  to  300  GHz.  This  high-frequency  response  was  independently  verified  in 
mixing  experiments  in  the  millimeter  and  submillimeter  regimes.  For  IFs  up 
to  40  GHz,  the  LO  was  injected  directly  into  the  gate,  and  the  mixer  operated 
as  a  three-terminal  device. 

III.  MATERIALS  RESEARCH 

Measurements  on  thin-film  resistors  and  n-channel  MOSFETs  fabricated  in 
zone-melting-recrystallized  Si  films  on  Si02-coated  Si  substrates  have  shown 
that  the  sub-grain  boundaries  in  these  films  have  very  little  effect  on  elec¬ 
tron  transport.  Minority-carrier-generation  lifetimes  in  the  microsecond 
range  have  been  measured  in  such  films  and  in  epitaxial  Si  layers  grown  by 
chemical  vapor  deposition  on  these  films.  These  results  indicate  that  Si-on- 
insulator  structures  prepared  by  zone-melting  recrystallization  and  sub¬ 
sequent  epitaxial  growth  are  potentially  useful  for  integrated  circuit  and 
bipolar  device  applications. 

To  study  the  relationship  between  the  structure  and  electrical  proper¬ 
ties  of  semiconductor  grain  boundaries,  a  novel  technique  has  been  developed 
for  preparing  bicrystals  with  specified  grain  boundary  structure  by  means  of 
vapor-phase  epitaxy.  A  series  of  GaAs  bicrystals  has  been  grown  with  (110) 
tilt  boundaries  differing  only  in  the  magnitude  of  the  [110]  rotation  angle. 
Initial  electrical  measurements  indicate  that  the  height  of  the  potential 
barrier  associated  with  these  boundaries  varies  systematically  with  the 
rotation  angle. 
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IV .  MICROELECTRONICS 


By  using  a  top-down,  seLf-aLigning  process,  a  joint-gate,  vertically 
stacked  CMOS  inverter  has  been  fabricated  in  a  multilayer  substrate.  The 
nMOS  transistor  was  formed  in  a  layer  of  laser-recrystallized  CVD  silicon, 
and  the  pMOS  transistor  in  the  underlying  single-crystal  silicon  substrate. 
The  low-frequency  gain  of  the  inverter  was  -12.5,  and  the  rise  and  fall  times 
were  2  ps. 

Oxygen  reactive-ion  etching  has  been  used  to  form  a  reusable,  polyimide 
membrane  mask  for  the  proton  exposure  of  resists.  Lines  as  small  as  600  A 
have  been  replicated  in  PMMA  using  membranes  1  to  2  Pm  thick,  a  beam  energy 
chosen  so  that  the  protons  are  stopped  in  the  thick  areas  of  the  masks,  and  a 
dose  of  2  X  10^^  !!■*■  cm“^ . 

A  high-speed,  CCD-based,  two-dimensional  correlation  system  has  been 
built  which  correlates  a  256  x  256-eleraent  signal  with  a  32  x  32-element 
reference  in  approximately  1  s;  this  corresponds  to  a  computation  rate  of 
more  than  100  million  operations  per  second.  The  correlation  is  performed  by 
two  CCDs:  a  programmable  transversal  filter  which  performs  a  series  of  one¬ 
dimensional  correlations,  and  an  accumulating  memory  which  sums  these  opera¬ 
tions  to  form  the  two-dimensional  correlation. 

V.  ANALOG  DEVICE  TECHNOLOGY 

The  performance  limits  of  integrated  optical  spectrum  analyzers  have 
undergone  a  comprehensive  analysis.  Improvement  in  the  Bragg  cell  bandwidth- 
efficiency  product  by  up  to  an  order  of  magnitude  should  be  possible  through 
the  use  of  acoustic  beam-steering  or  biref ringent-dif fract ion  techniques. 

A  superconductive  convolver  has  been  fabricated  and  tested  in  which  a 
niobium-on-sapphire  microstrip  meander  line  provides  electromagnetic  delay 
for  counter-propagating  signal  and  reference  waves.  Capacitive  taps  along 
the  delay  path  feed  superconductive  lead-niobium  tunnel-junct ion  mixers,  and 
the  local  signal-reference  products  are  summed  spatially  to  form  the  desired 
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convolution.  This  technology  should  provide  for  programmable  matched- 
filtering  of  waveforms  of  up  to  10-GHz  bandwidth  and  lOO-ns  duration. 

A  sliding-window  spectrum  analyzer  consisting  of  twelve  identical 
surface-acoustic-wave  (SAW)  chirp-Fourier  transform  circuits  is  under 
development  to  process  twelve  parallel-beam  Doppler-shifted  CW  returns  from 
an  airborne  infrared  laser  radar.  Although  not  all  the  required  reflective- 
array  compressors  have  been  fabricated,  tests  with  existing  compressors  have 
shown  that  every  system  requirement  has  been  met  or  exceeded,  including  an 
84-kHz  frequency  resolution  with  10-MHz  analyzer  bandwidth,  >50  dB  dynamic 
range,  and  side lobes  >25  dB  down. 
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I.  SOLID  STATE  DEVICE  RESEARCH 


A.  PICOSECOND  InP  OPTOELECTRONIC  SWITCHES 

Proton  bombardment  has  been  used  to  reduce  the  response  times  of  InP 
optoelectronic  switches  from  a  few  nanoseconds  to  less  than  100  ps.  The 
electron  mobility  in  these  bombarded  devices  can  be  greater  than  600  cm^/V-s, 
which  is  over  an  order-of-magnitude  larger  than  that  of  devices  of  comparable 
speed  made  on  other  high-resistivity  materials.  This  relatively  large  mobil¬ 
ity  implies  that,  with  similar  structures  and  bias  levels,  the  InP  devices 
should  have  over  an  order-of-magnitude  larger  conductance  for  a  given  light 
level.  Also,  a  comparison  of  the  characteristics  of  these  new  switches  to 
those  of  the  previously  reported  InP  devices^  has  been  made. 

Devices  were  fabricated  on  slices  of  semi-insulating  InP  which  had  a 
resistivity  of  ~5  x  10^  D-cm  and  a  bulk  mobility  of  ~2500  to  3500  cm^/V-s. 
Following  conventional  polishing  and  etching  procedures,  interdigitated- 
finger  electrode  structures  of  Au/Ge/Ni  were  applied  to  the  InP  using  vacuum 
evaporation  and  lift-off  lithography.  The  devices  investigated  had  2-vmi-wide 
fingers  and  spaces  with  an  overall  active  area  of  48  x  48  urn,  as  illustrated 
in  Fig.  I-l. 

After  the  electrodes  has  been  patterned,  the  slice  for  the  first  set  of 
experiments  was  cleaved  into  five  separate  pieces,  with  each  piece  having 
several  devices  of  the  2-iim  geometry.  Each  piece  was  covered  with  pyrolytic 
phosphosilicate  glass  (PSG)  and  annealed  at  450*C  for  10  s.  The  glass  was 
then  removed,  one  piece  set  aside  as  a  standard,  and  the  remaining  four  were 
bombarded  with  a  10  cm~  dose  of  200-keV  protons.  Next,  three  of  these 
samples  were  annealed  for  10  s  in  hydrogen  at  250*C,  300*C,  and  350*C, 
respectively.  Each  sample  was  then  cemented  to  a  grooved  aluminum  block  and 
wire  bonded  to  OSM  connectors  for  evaluation. 

Preliminary  low-speed  measurements  were  done  by  means  of  a  raster- 
scanned  He-Ne  laser  light  spot  to  insure  that  these  devices  had  the  unifor¬ 
mity  of  photoresponse,  linearity  of  current-voltage  characteristics,  and  the 
near-theoretical  sensitivity  of  earlier  devices. For  the  high-speed 
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Fig.  I-l.  Photograph  of  InP  optoelectronic  switch. 
Interdigital  electrode  lines  and  spaces  are  2  um 
wide,  and  overall  active  area  is  48  x  48  pm. 


photoresponse  measurements,  a  commercial  low-threshold  AlGaAs  diode  laser 
(\  ~  0.85  pm)  driven  by  a  commercial  impulse  train  generator*^  was  used  as  a 
pulsed  light  source.  The  light  pulses  had  a  repetition  rate  of  100  MHz  and  a 
full  width  at  half  maximum  (FWHM)  of  ^100  ps,  as  measured  by  an 
InP/GalnAsP/InP  n'*’-n-p'*’  photodiode  fabricated  at  Lincoln  Laboratory.  The 
peak  optical  power  focused  on  the  device  was  estimated  to  be  3  mW.  The  pulse 
measurements  described  below  were  made  by  applying  a  DC  voltage  of  300  mV  to 
one  side  of  the  switch  and  connecting  the  output  to  a  30-(l  sampling 
oscilloscope. 

The  results  for  the  InP  devices  are  shotm  in  Figs.  I-2(a-b)  and 
I-3(a-c).  For  the  unbombarded  device,  the  decay  of  the  photoresponse  is 
approximately  exponential  with  90-to-10-percent  fall  time  of  ~5  ns  (time 
constant  of  ~2.3  ns).  Also,  from  a  previous  study  of  device  resistance  as  a 
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Fig.  1-2.  Photoresponse  of  InP  optoelectronic 
switches  to  short  pulses  (<100  ps)  of  AlGaAs  diode- 
laser  light  (X  ~  0.85  wn)  of  3-tnW  peak  power.  In  this 
test,  a  DC  voltage  of  300  mV  was  connected  between 
ground  and  one  terminal  of  device,  with  response  shown 
observed  between  other  terminal  and  ground  on  a  high¬ 
speed  sampling  oscilloscope  (response  time  ~  25  ps). 
(a)  Unbombarded  device,  (b)  device  bombarded  with  a 
10^^  cm"^  dose  of  200-keV  protons  and  subsequently 
annealed  at  250*C  for  10  s. 


function  of  finger  geometry,  the  electron  mobility  is  estimated  to  be 
~2000  cm^/V-8.  Following  bombardment,  both  the  resporjse  time  and  mobility 
are  substantially  reduced,  with  the  rise  and  fall  times  each  <100  ps  and 
electron  mobility  of  ~200  cm^/V-s.  Subsequent  to  bombardment  and  the  250*C 
anneal,  the  rise  and  fall  times  remained  at  <100  ps,  but  the  mobility 
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Fig.  1-3.  Photoresponse  of  three  InP  optoelectronic 
switches,  as  described  in  Fig.  I-2(a-b),  following 
proton  bombardment  and  subsequent  10-s  anneal  at 
(a)  250*C,  (b)  300’C,  and  (c)  350°C. 
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recovered  to  at  least  1000  cm^/V-s.  The  mobility  recovery  was  estimated  by 

the  amplitude  of  the  photoresponae  compared  with  that  of  the  unbombarded 

device.  In  making  the  calculation,  the  photoconduct ive  lifetime  was 

determined  from  the  measurement  shown,  and  the  electron  mobility  for  the 

unbombarded  sample  was  calculated  from  the  measured  DC  photoconductance 

Here,  G.  ■  PTl.  r\,  where  y  is  the  electron  mobility,  t  is  the  photoconduc- 
ac  QC 

tance  lifetime,  is  the  absorbed  optical  intensity,  and  n  is  a  calculated 
constant  that  includes  the  geometric  factors.  For  the  response  to  a  pulse 
I(t),  it  was  assumed  that  the  photocarriers  were  generated  in  a  time  short 
compared  with  t,  so  that  the  photoconductance  becomes 

G(t)  -  G  e“^^^ 
o 

where  G  ■  un  /  I  dt.  Thus,  G  is  linearly  proportional  to  electron  mobility 
o  ^  o 

and  independent  of  lifetime.  It  should  be  noted  that  this  measurement  may 
underestimate  the  mobility  value  because  of  carrier  recombination  during  the 
light  pulse. 

With  the  increasing  anneal  temperature,  the  rise  and  fall  times  remain 
at  <100  pa,  and  the  mobility  remains  at  >1000  cm^/V-s.  However,  the  bom¬ 
barded  devices  show  a  small  "back  porch"  on  the  trailing  edge  of  the  re¬ 
sponse.  This  back-porch  component  increases  in  magnitude  as  the  device  is 
annealed  toward  its  unbombarded  state.  The  shape  of  these  pulses  was  insen¬ 
sitive  to  focusing  and  total  light  incident  on  the  device. 

The  samples  for  the  second  set  of  experiments  were  processed  in  an  iden¬ 
tical  manner  as  those  for  the  first  set,  except  for  the  bombardment.  In  this 
case,  a  schedule  of  10^^  cm"^  protons  at  each  of  three  energies  (100,  200, 
and  300  keV)  was  used  to  provide  a  more  nearly  uniform  depth  distribution  of 
bombardment  effects.  The  results  were  similar  to  those  of  the  first  experi¬ 
ments,  except  for  a  substantially  reduced  "back  porch.”  Figure  1-4  shows  the 
response  of  the  sample  prepared  in  this  way  and  annealed  at  230* C  for  10  s. 

It  is  clear  that  the  trailing  edge  is  much  sharper  than  that  seen  in 

Fig.  I-3(a),  with  a  FHHM  of  70  ps.  However,  package  resonance  effects  limit 

our  ability  to  interpret  the  trailing  edge,  and  improved  packages  are  in 

progress.  As  for  the  first  experiment,  the  estimated  mobility  of 

>600  cm^/V-s  must  be  regarded  as  a  lower  limit  due  to  carrier  recombination 

during  the  light  pulse. 
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Fig.  1-4.  Phocoresponse  of  an  InP  opCoelecCronic  switch 
as  in  Fig.  1-2 (b),  except  that  DC  voltage  was  500  mV  and 
device  was  bombarded  with  10^^  cm“^  protons  at  100,  200, 
and  300  keV,  respectively,  and  subsequently  annealed  at 
250*C  for  10  a. 


Another  effect  of  the  bombardment  that  may  be  a  limitation  in  some 
cases  is  a  decrease  in  the  off-state  (dark)  resistance.  For  the  device  of 
the  second  experiment  that  was  bombarded  and  annealed  at  250*C,  the  off- 
state  resistance  decreased  from  >10  }(i  to  ~100  kO.  This  value  can  be  com¬ 
pared  with  the  on-state  value  of  ~1000  0  in  the  present  experiment,  and  an 
anticipated  value  of  <100  0  when  the  laser  is  replaced  with  one  having 
greater  output  power.  However,  the  off-state  resistance  decrease  may  not  be 
a  necessary  result  of  proton  bombardment,  and  more  work  with  different 
bombardment  and  anneal  schedules  (and  perhaps  with  other  ions)  is  needed  to 
investigate  this  effect.  Also,  since  higher  proton  doses  have  been  shown  to 
increase  absorption  below  the  band  edge,^  it  may  be  possible  to  extend  the 
wavelength  sensitivity  of  these  devices  to  >1  pm. 

The  present  results  can  be  compared  with  the  earlier  fast  InP  optoelec¬ 
tronic  switches.^  Those  devices  were  fabricated  on  InP  slices  similar  to 


those  used  here,  but  the  metallization  was  vacuum-evaporated  gold  that  was 
patterned  by  means  of  conventional  photolithography  and  wet  chemical  etching 
to  yield  a  30-ym-wide  microstrip  line  with  a  3-Mm  gap  in  the  middle  of  its 
length.  This  device  had  a  1-  to  2-ns  response  time  as  originally  fabri¬ 
cated,  However,  by  using  a  short  anneal  (~5  s)  in  hydrogen  at  400*C,  it  was 
possible  to  reproducibly  reduce  this  response  time  to  ~50  ps.  In  both  the 
large-  and  small-time-constant  states,  the  conductance  of  these  devices  was 
about  one-tenth  of  that  expected  for  the  measured  values  of  time  constant, 
bulk  mobility,  and  light  level,  with  the  lower  conductance  probably  due  to 
contact  resistance  and/or  surface  effects.  It  is  also  worth  noting  that  the 
annealing  temperature  that  resulted  in  faster  response  also  is  the  tempera¬ 
ture  at  which  P  outdiffusion  begins  to  occur.  Our  attempts  to  apply  this 
technique  to  the  present  alloyed-contact  higher-response  devices  have  not 
been  successful.  The  current  devices  have,  in  addition  to  their  substan¬ 
tially  lower  contact  resistance,  minimal  photovoltaic  effects,  suggesting 
that  the  fast  response  of  earlier  devices  may  be  associated  with  photovol¬ 
taic  effects.  Because  of  the  greater  sensitivity  of  devices  made  using  the 
bombardment  technique,  we  are  currently  pursuing  it  instead  of  further  re¬ 
search  on  the  heat-treatment  technique. 

In  summary,  InP  optoelectronic  switches  have  been  fabricated  which  have 
fast  response  times  (<100  ps)  and  high  electron  mobility  (>600  cm^/V-s)  fol¬ 
lowing  proton  bombardment  and  anneal.  Work  is  currently  in  progress  to  opti¬ 
mize  response  time  and  mobility  while  minimizing  the  off-state  conductance. 

A.G.  Foyt  R.C.  Williamson 

F.J.  Leonberger  G.W.  Iseler 


B.  4-BIT  828-MS/ s  GUIDED-WAVE  ELECTROOPTIC 
ANALOG-TO-DIGITAL  CONVERTER 

We  previously  reported  results  on  a  4-bit  LiNb03  guided-wave  electrooptic 
A/D  converter,  including  the  operation  of  individual  bit  channels  at  276  MS/s 
(see  Ref.  6).  Here  we  report  the  extension  of  that  work  to  828  MS/s,  includ¬ 
ing  beat- frequency  tests  with  a  413-MHz  analog  test  signal. 


Fig.  1-5.  (a)  Unmodulated  (top  trace)  and  modu¬ 

lated  (bottom  trace)  comparator  inputs  at  828  MHz. 
The  200-p8-wide  mode-locked  optical  pulses  are 
broadened  by  Ge  APD  and  amplifier.  (b)  A/D  con¬ 
verter  response  to  ramp  analog  test  signal  at  an 
828-MHz  sampling  rate.  Upper  trace  is  ramp  signal, 
middle  trace  is  detector  output,  and  lower  trace  is 
coiiparator  output. 


To  obtain  the  828-MS/s  rate,  the  output  pulses  from  the  mode-locked 
Nd:YAG  laser  used  in  the  previous  work  were  time  multiplexed  using  beam 
splitters  and  differential  time  delay.  Figure  I-5(a)  shows  a  sampling- 
oscilloscope  photograph  of  the  unmodulated  signal  pulses  after  passing 
through  the  post-detector  amplifier,  and  the  same  pulses  when  a  ramp  analog 
test  signal  was  applied  to  the  modulator.  The  pulse  envelope  appears  filled- 
in  because  the  test  signal  was  not  synchronized  with  the  sampling  pulses. 

The  slight  variations  in  pulse  height  were  due  to  alignment  effects  of  the 
three  multiplexed  optical  beams.  Figure  I-5(b)  shows  the  ramp  test  signal, 
the  real-time-detected  sinusoidal  pulse  envelope,  and  the  comparator  outputs 
for  the  LSB  modulator.  In  this  case  the  comparator  utilized  a  DC  reference. 
Results  for  other  modulators  had  the  expected  sinusoidal  envelopes.  It  is 
important  to  note  that  the  comparator  is  a  latch-type  device,  and  so,  even 
though  it  is  toggling  at  a  relatively  low  speed  in  response  to  the  ramp, 
comparisons  are  being  made  at  an  828-MHz  rate. 

To  further  demonstrate  the  high-speed  operation  of  the  A/D  converter,  a 
beat-frequency  test  was  performed  at  828  MS/s.  This  is  a  standard  test  used 
on  conventional  high-speed  A/Ds  which  allows  the  maximum-frequency  input 
signals  to  be  applied  while  the  device  output  is  monitored  at  a  relatively 
low  frequency.  A  sinusoidal  test  signal  whose  frequency  was  1  MHz  less  than 
one-half  the  mode-locked  sampling  pulse  rate  was  applied  to  the  device.  Each 
successive  sample  of  the  analog-test  signal  was  thus  of  opposite  polarity 
(i.e.,  differing  by  slightly  less  than  n  radians),  and  every  other  sample 
differed  slightly  in  phase.  The  serial-to-paral lei  converter  following  the 
comparator  was  activated  on  every  eighth  pulse,  and  only  one  of  the  parallel 
channels  was  monitored.  This  mode  of  comparator  operation  ensured  that  the 
oscilloscope  display  truly  represented  signals  from  each  of  the  three 
multiplexed  pulse  trains. 

Figure  1-6  is  an  oscillogram  showing  the  results  of  the  beat-frequency 
test  at  828  MS/s.  The  upper  trace  is  a  1-MHz  signal,  which  was  derived  by 
mixing  the  413-MHz  analog-test  signal  with  a  414-MHz  signal  derived  by 
detecting  the  828-MHz  laser  pulses,  dividing  the  pulse  rate  by  2,  and 
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Fig.  1-6.  Beat-frequency  test  of  electrooptic  A/D  converter. 
Input  RF  test  signal  is  at  413  MHz,  sampling  is  at  828  MHz. 
Shown  from  top  to  bottom  in  oscillogram  are  a  simulated  beat 
signal,  detector  output,  and  comparator  output.  Phase  of 
beat  signal  has  not  been  synchronized  to  that  of  detector  and 
comparator . 


filtering  to  obtain  the  414-MHz  fundamental.  The  1 -MHz  signal  was  used  to 
trigger  the  oscilloscope.  The  middle  trace  shows  the  detector  output.  The 
envelope  of  these  detected  pulses  has  the  expected  FM  modulated  form,  and  its 
exact  shape  depends  on  the  peak  amplitude  of  the  413-MHz  test  signal.  In  the 
case  shown,  the  input  signal  is  10  dBm  or  ~0.95  Vu.  The  lower  trace  shows 
the  corresponding  comparator  outputs.  The  comparator  is  again  functioning  at 
828  MS/s.  Outputs  from  the  other  3-bit  channels  were  as  expected.  Further 
development  and  testing  of  this  converter  are  in  progress. 
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C.  A  NOVEL  TECHNIQUE  FOR  GalnAsP/InP  BURIEO  HETEROSTRUCTURE 
LASER  FABRICATION 

A  novel  technique  for  the  fabrication  of  GalnAsP/InP  buried  hetero¬ 
structure  (BH)  lasers  has  been  developed.  It  is  based  on  a  mass-transport 
phenomenon  which  was  recently  observed  during  the  fabrication  of  integrated 
laser-waveguide  structures.  This  technique  is  considerably  simpler  and  more 
easily  controlled  than  previously  reported  ones,  and  has  resulted  in  BH 

lasers  with  threshold  currents  as  low  as  9.0  mA. 

The  experimental  procedure  is  illustrated  in  Fig,  I-7(a-c),  The 
starting  wafer  was  a  double-heterostructure  (DH')  one,  prepared  by 
conventional  liquid-phase-epitaxial  (LPE)  techniques  on  a  (100)  InP 
substrate.  (Broad-area  lasers  fabricated  from  similar  wafers  have  had 
threshold  current  densities  of  0.9  to  1.3  kA/cm^.)  Oxide-stripe  masks  5.0  to 
6.0  Mm  wide  on  250-Um  centers  were  first  fabricated  on  the  wafer,  with  the 
stripes  parallel  to  either  (OH)  or  (Oil)  crystallographic  directions.  Two 
steps  of  selective  chemical  etching  were  used  in  order  to  produce  the  mesa 
structure  shown  in  Fig.  I-7(b).  First,  concentrated  HCl  was  used  to  remove 
the  unprotected  InP  cap  layer.  The  Gag  ^  27^*'0.  73^®0 . 63’’o  .  37 

layer  thus  exposed  was  then  removed  with  a  50-ml  aqueous  solution  of  10  g  KOH 
and  0.2  g  K3Fe(CN)g.  Additional  etching,  beyond  that  required  to  remove  the 
quaternary  layer,  was  sometimes  used,  depending  on  the  desired  amount  of 
undercutting  [Fig.  I-7(b)]. 

After  completion  of  the  etching  steps,  the  wafer  was  heat  treated  in  the 
following  manner  which  had  previously  been  found^  to  cause  a  migration  of 
InP,  and  which  resulted  in  a  BH  as  illustrated  in  Fig.  I-7(c),  The  wafer  was 
dipped  in  buffered  HF  for  1  min.  and  loaded  into  an  LPE  system  with  a  freshly 
baked  graphite  slider,  but  without  any  growth  solution.  The  wafer  was  placed 
in  a  shallow  slot  on  the  graphite  slider  and  was  covered  by  a  graphite  plate. 
The  system  was  purged  with  H2  and  PH3  while  being  heated  to  670*C.  The  H2- 
and  PH3-flow  rates  were  chosen  so  that  almost  no  surface  changes  were 
observed  on  plain  InP  substrates  (except  for  regions  near  the  edges)  under 
the  heating  cycle  used  ,in  the  present  work.  The  system  reached  670*0  in 
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Fig.  1-7.  Schematic  pictures  showing  mesa  etching 
and  mass-transport  phenomenon  which  result  in  BH. 
Transport  of  InP  has  been  observed  after  heat 
treatment  at  670*C  in  H2  and  PH3  atmosphere. 

(a)  DH  laser  wafer,  (b)  selective  chemical  etching, 
and  (c)  transport  of  InP. 


approximately  30  min.  and  stayed  at  that  temperature  for  another  30  min, 
before  being  rapidly  cooled. 

Figure  I-8(a-b)  shows  scanning  electron  microscope  (SEM)  photographs  of 
cleaved  and  stained  cross  sections  of  two  different  wafers,  one  before  and 
the  other  after  being  heat  treated  in  the  LPE  system.  In  (a)  the  undercut  in 
the  quaternary  etching  was  2.2  pm  from  each  side,  leaving  a  neck-shaped 
quaternary  region  of  1.0-Pm  width.  In  some  wafers,  GalnAsP  strips  as  narrow 
as  0.3  pm  were  obtained.  A  comparison  of  (a)  and  (b)  shows  that  the  heat 
treatment  resulted  in  a  marked  change  in  the  mesa  shape.  The  corners  were 
eroded,  while  the  narrow  undercut  channels  were  filled-in  with  InP.  This 
phenomenon,  apparently  a  transport  of  InP,  has  been  reproducibly  observed  in 
25  runs  of  similar  experiments,  with  the  notable  exception  of  one  in  which 
the  PH3  flow  was  not  used.  The  transported  InP  was  generally  symmetrical  on 
the  two  sides  of  a  mesa  and  was  uniform  for  different  mesas  on  the  same 
wafer.  The  width  of  the  InP  varied  between  0.5  and  2.0  pm,  depending  mainly 
on  the  amount  of  undercut.  The  recess  at  the  base  of  the  final  mesa  evident 
in  Fig.  I-8(b)  was  reduced  (or  totally  eliminated)  with  a  smaller  initial 
undercut.  Mesa  tops  which  were  initially  narrower  than  roughly  2  pm  were 
completely  rounded  after  the  heat  treatment,  whereas  those  which  were  wider 
retained  a  flat  top  as  in  Fig.  I-8(b). 

The  resulting  structure,  which  consists  of  a  GalnAsP  strip  completely 
surrounded  by  InP,  is  ideally  suited  for  the  fabrication  of  a  BH  laser.  To 
complete  the  processing,  the  wafer  was  first  coated  with  oxide  and  patterned 
with  openings  on  the  mesa  tops.  After  a  zinc  skin-diffusion  through  the 
openings  in  the  oxide,  Au-Zn  alloyed  contacts  were  made  to  the  p'*'-InP.  The 
wafer  was  then  lapped  from  the  substrate  side  to  a  thickness  of  100  pm,  after 
which  a  Au-Sn  alloyed  contact  was  applied.  Next,  Ti  (200  A)  and  Au  (500  A) 
layers  were  sputter-deposited  over  the  entire  wafer  on  the  mesa  side  to 
facilitate  contacting.  Individual  BH  lasers  were  then  obtained  by  cleaving 
and  saw-cutting. 
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(a) 


Fig.  T-8  .  SKM  mK'r>)graphs  shiiwing  K' a  1  1  v  i-t.lii-i 

mesas  (a)  beri>ri-  aij<)  (h)  aft-T  t  r.i.-is part  af 
Mesa  in  (a)  is  from  a  bar  el>-avei1  off  Waf.’r  '*'^1, 
whiv'h  tiait  a  narrow  (  1  .b  inn)  mesa  lo\i,  wli  i  1  e  that  in 
(b)  IS  from  Wafer  48 1  ,  for  whi.li  ttie  imsa  top  was 
wider  (~2.8  llm).  (See  Table  I-l.)  These  .'leave. I 
favets  have  been  stained  [more  heav i  1  v  in  ( b 1 1  in 
order  to  bring  out  contrast  between  ftalnAs"  and  Inf’ 


TABLE  I-l 

SOME  PROPERTIES  OF  THE  GalnAsP/InP  BH  LASERS 

FABRICATED  BY  THE  TRANSPORT  OF  InP 

Active  Region 

Lowest  Threshold 

Widths 

Current 

Device  Length 

Wafer 

(bm) 

(mA) 

( Pm) 

475 

3.9  to  4.5 

33.0 

406 

476 

1  .8  to  2.5 

20.0 

254 

481 

0.7  to  1.4 

13.8 

305 

489 

0.7  to  1.5 

9.0 

279 

491 

1.0  to  2.2 

58.0 

254 

513 

3.0  to  3.6 

17.0 

279 

six  wafers  have  been  processed  for  BH  lasers.  The  active  region  widths 
of  each  wafer  shown  in  Table  I- I  were  obtained  by  measurements  of  mesas  on  a 
bar  cleaved  from  one  edge  of  that  wafer.  The  BH  lasers  were  tested  in  room- 
temperature  pulsed  operation  with  the  lowest  threshold  currents  shown  in 
Table  I-l.  The  yields  of  low-threshold  devices  in  the  first  five  wafers  were 
only  modest.  A  marked  improvement  was  observed  in  the  sixth  wafer  in  which 
approximately  60  percent  of  the  devices  showed  normal  I-V  characteristics  and 
very  consistent  threshold  currents  (17  to  19  mA) .  This  improvement  was 
related  to  a  special  mesa  structure  used  in  this  particular  wafer:  most 
areas  of  the  wafer  were  protected  by  oxide-masks  during  the  selective 
chemical  etching  except  for  stripe  regions  of  lO-pm  width  on  the  two  sides  of 
each  laser  mesa.  These  unetched  areas  are  expected  to  provide  better  support 
and  protection  for  the  laser  mesas. 

The  lowest  threshold  current  obtained  to  date  was  9.0  mA.  Further 
reduction  could  well  be  achieved  by  using  shorter  devices  and  narrower 
active  regions.  Nevertheless,  the  present  low  thresholds  are  already 
comparable  to  or  better  than  those  obtained  by  more  conventional  fabrication 
techniques , ^  for  which  the  lowest  reforted  value  was  10  mA  (Ref.  21).  It 
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is  important  to  note  that  the  new  technique  described  here  is  considerably 
simpler  than  those  reported  previously,  since  it  eliminates  the  need  for  the 
LPE  regrowth  of  burying  layers.  The  latter  not  only  requires  all  the 
special  precautions  for  LPE  regrowth,  but  also  demands  critical  control  of 
layer  thicknesses  in  order  to  reduce  leakage  current.  In  the  present 
structure,  the  burying  sidewalls  of  transported  InP  are  just  wide  enough  to 
provide  mode  confinement,  but  narrow  enough  to  minimize  current  leakage. 
Moreover,  the  InP  transport  has  been  found  to  be  very  reproducible  and 
easily  controlled. 

With  respect  to  the  transport  of  InP,  the  driving  force  for  the 
phenomenon  is  probably  a  surface-energy  minimization.  It  is  also  likely  that 
the  presence  of  the  PH3  plays  an  important  role  in  the  transport  process. 
However,  detailed  study  of  the  transport  kinetics  has  not  yet  been 
attempted,  and  the  experimental  parameters  used  in  the  present  work  were 
those  for  which  the  process  was  first  observed.  To  our  knowledge,  this  is  a 
novel  phenomenon  and  may  find  other  applications  in  device  fabrication. 

Z .  L .  Li au 

J.N.  Walpole 
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II.  QUANTUM  ELECTRONICS 


A.  Co:MgF2  LASER:  HIGH-AVERAGE-POWER  OPERATION,  Q-SWtTCHED 

PERFORMANCE,  AND  SCALING  OPERATIONS 

The  pulse-pumped  Co:MgF2  laser  described  previously^  was  operated  at  a 
50-Hz  repetition  rate  to  produce  a  TEMqq,  average-power  output  of  7.3  W  at 
1.92  pm.  The  improvement  in  performance  over  earlier  results^  was  obtained 
by  coating  the  crystal  heat  sink  with  a  thin  layer  of  indium,  which  greatly 
improved  the  thermal  contact  between  the  crystal  and  heat  sink.  The  input- 
output-power  relation  for  the  system  is  shown  in  Fig.  II-l;  the  linearity  in¬ 
dicates  an  absence  of  appreciable  heating  effects  up  to  the  35  W  maximum 
available  output  power  from  the  NdrYALO  pump  laser. 


Fig.  II-l.  Co;MgF2  laser  average  output  power  at  1.92  pm 
vs  average  input  power,  at  a  pulse  rate  of  30  Hz. 
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Fig.  1 1-2.  Average  output  vs  input  power  for  both  normal-mode 
and  Q-switched  Co:MgF2  laser,  at  a  4-Hz  repetition  rate. 

Q-switching  of  the  Co:MgF2  laser  was  accomplished  with  the  insertion  of 
a  fused  silica,  Brewster-angle  acoustooptic  loss  modulator  in  the  laser  cav¬ 
ity.  For  these  experiments,  the  output  mirror  transmission  was  ~5  percent 
and  the  pulse  repetition  rate  was  4  Hz.  The  output-vs-input  average-power 
relation  at  several  operating  points,  for  both  normal  and  Q-switched  modes  of 
operation,  is  shown  in  Fig.  II-2.  At  a  pulsed-output  energy  of  25  mJ,  damage 
to  the  cavity  mirrors  was  observed;  the  output  pulsewidth  was  approximately 
200  ns.  Reliable,  TEMqo,  damage-free  operation  was  possible  at  a  20-mJ 
output-energy  level,  with  the  pulse  shape  indicated  by  Fig.  II-3. 

It  is  expected  that  higher  output  energies  from  the  Co:MgF2  laser  can 
be  generated  by  using  cavity  mirrors  with  high-damage-resistance  coatings  and 
by  increasing  the  laser-cavity  mode  area.  It  is  useful  to  calculate  rela¬ 
tionships  needed  for  scaling  up  the  output  of  the  Co;MgF2  system.  For  a 
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Fig.II-3.  Single-shot  Q-switched  output  pulse 
of  Co:MgF2  laser.  Pulse  energy  was  20  mJ. 

Q-switched  laser  well  above  threshold,  the  output  energy  is  given  by 

the  relation 


E  =  n(R  -  1)  L  A 
out  th  m  m  L 


where  is  the  threshold  population  inversion  density,  R  is  the  actual 
inversion  divided  by  N  ,  ,  L  is  the  length  of  the  gain  medium,  A  is  the 

Cn  ID  ID 

effective  cavity  beam-area  in  the  medium,  and  E^^  is  the  energy  of  the  laser 
photon;  n  is  the  coupling  efficiency  of  the  system,  defined  as  the  ratio  of 
output  coupling  loss  to  total  cavity  loss.  The  peak  output  power  for  a 

Q-switched  laser  has  to  be  determined  by  numerical  techniques,  but  a  bound¬ 
ing  relation  is  that 


P  ^  <  E  /It 
out  out  c 


where  is  the  cavity  lifetime. 
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The  very  low  scattering  and  diffraction  losses  in  Co:MgF2  and  in  the 
fused-silica  Q-switch  allow  certain  simplifying  assumptions  to  be  made,  be¬ 
cause  the  loss  in  the  cavity  (for  output-mirror  transmissions  greater  than 
~0.5  percent)  is  essentially  determined  by  the  output  mirror  transmission. 
Then  the  value  for  is  given  by 

T  =  2L/cT 
c 

where  L  is  the  length  of  the  optical  cavity,  c  is  the  speed  of  light,  and  T 
is  the  fractional  transmission  of  the  output  mirror.  Also,  the  value  for 
is  proportional  to  T.  An  additional  relationship  is  that  is  inversely 

proportional  to  a,  the  laser  gain  cross  section. 

With  these  assumptions,  the  following  relationships  hold: 

E  «  T(R  -  1)  A  /o 
out  m 

and 

P  «  t2(r  -  1)  a  /oL 
out  m 

In  considering  optical  damage  to  the  cavity  components,  two  quantities  are  of 
interest  -  the  intracavity  fluence  (in  joules/cm^)  and  the  intracavity  in¬ 
tensity  I  (in  watts/cm^).  These  are  related  by 
c 

F  «  (R  -  l)/a 
c 

and 

I  “  T(R  -  D/oL 
c 

It  has  been  found  that  optical  damage  threshv.. ids  for  dielectric  surfaces 

depend  both  on  F  and  the  pulsewidth,  such  that  the  damage  value  for  F 
c  c 
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typically  increases  as  the  square  root  of  the  pulsewidth  ,  thus,  neither 
nor  alone  can  be  used  to  determine  the  damage-free  operating  conditions 
for  a  system.  However,  for  small  cross  sections  it  could  be  possible  to  op¬ 
erate  the  laser  only  slightly  above  threshold  because  of  damage  limitations. 
From  the  experimental  results  for  the  Co:MgF2  laser  it  is  evident  from 
Fig.  II-2  that,  with  output  pulsewidths  on  the  order  of  200  ns,  operation  at 
values  of  R  at  least  up  to  4  can  be  achieved  without  damage.  This  means 
that,  at  that  pulsewidth,  efficient  and  stable  operation  of  the  Co:MgF2  laser 
in  the  Q-switched  mode  is  possible.  The  beam  diameter  in  these  experiments 
was  about  0.8  mm;  with  the  same  output  coupling  and  cavity  length,  it  s.iould 
be  possible  to  obtain  100  nvJ  of  Q-switched  output  at  a  beam  diameter  of 
1.8  mm.  Experiments  to  increase  the  beam  diameter  by  modifying  the  cavity 
optics  are  now  in  progress. 

P.F.  Moulton 

B.  JAHN-TELLER  EFFECT  AND  THE  OPTICAL  ABSORPTION  SPECTRUM 
OF  IN  MgF2 

Calculations  of  the  optical  gain  cross  section  for  the  vibronic,  '^T2 
'*A2  laser  transition  of  V^'*'  in  MgF2  from  basic  spectroscopic  data  require 
knowledge  of  the  energy-level  structure  of  the  ‘*T2  state.  Such  information 
is  needed  to  relate  measurements  of  the  cross  section  for  zero-phonon  ‘*A2 
^T^  absorption  to  the  corresponding  vibronic  emission  cross  section.  Sturge 
£l^.  have  previously  pointed  out  the  probable  existence  of  a  strong 
Jahn-Teller  interaction  between  the  host  lattice  and  the  ‘^T2  state.  We  re¬ 
port  here  calculations  on  the  ‘*T2  levels  which  take  this  interaction  into 
account  and  explain,  in  particular,  the  measured  zero-phonon-line  absorption 
spectrum. 

The  observed  spectrum  [see  Figs.  II-4(a)  and  (b)]  consists  of  a  doublet 
in  both  a  and  it  geometry,  with  partially  resolved  fine  structure  within  each 
line  of  the  doublet.  ions  occupy  Mg  substitutional  sites  in  the  MgF2 

rutile  lattice.  There  are  two  types  of  sites,  each  of  point 
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Fig.  II-5.  Schematic  diagram  showing  environment  of  ion 
in  MgF2  in  one  type  of  orthorhombic  site.  Second  type  of 
site  is  same,  except  for  90*  rotation  about  c-axis. 

symmetry,  which  are  equivalent  with  respect  to  a  90*  rotation  about  the 
crystal  c-axis  (see  Fig.  II-5).  The  near-neighbor  V^'*’  environment  is  only 
slightly  distorted  from  octahedral  symmetry,  so  that  we  assume  that  the 
octahedral  eigenstates  are  useful  as  a  starting  basis  set.  The  three  T2  ex¬ 
cited  electronic  states  transform  as  X’  =  y'z',  Y'  =  z'x',  and  Z*  =  x'y', 

where  the  primes  refer  to  octahedral  axes  as  shown  in  Fig.  II-5.  In  the 
presence  of  coupling  to  a  vibronic  mode  of  E  symmetry,  a  Jahn-Teller 

distortion  takes  place,  and  new  basis  functions  for  the  description  of  the 
problem  become 

ii.  »  xKr)  <>.(Q)  (ir-1) 

1  I  1 

where  Xj^Cr)  are  electronic  functions  transforming  as  X',  Y',  Z’,  and  the 
^^(Q)  are  corresponding  ground-state  vibrational  functions  centered  about 
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three  equivalent  points  in  Q-space.  The  Jahn-Teller  distortion  in  first  ap¬ 
proximation  leaves  the  three  basis  states  degenerate.  There  is  a  nonzero 
overlap  integral  (y)  between  the  wave  functions  4>^(Q)  for  different  values 
of  i. 

The  effective  Hamiltonian  describing  the  T2  state  of  W  in  MgF2  pro¬ 
jected  onto  the  basis  set  Eq.  (ll-l)  is 

*  2  22  22  22 

^ -XL  •  S  +  k(L  •  S')  +  p(L  ,S  ,  +  L  ,  S  ,  +  L  ,  S  , ) 

X  X  y'  y  z  z 

-  AL^,  -  BL^  .  (II-2) 

X  z 

In  Eq.  (II-2),  L  is  a  pseudo  angular  momentum  vector  operator  for  L  =  1.  The 
first  term  on  the  right  represents  the  spin-orbit  interaction,  and  the  second 
and  third  terms  represent  second-order  effects  of  the  spin-orbit  interaction 
(neglecting  non-cubic  corrections).  The  fourth  and  fifth  terms  represent 
crystal-field  corrections  due  to  the  elongation  of  the  Mg-F  distance  along 
x',  and  the  "scissoring"  of  the  Mg-F  axes  away  from  y'  and  z'  (the  unprimed 
z-axis  is  shown  in  Fig.  II-5). 

Using  the  Hamiltonian  Eq.  (II-2)  and  the  basis  states  Eq.  (II-l),  we 
have  calculated  eigenvectors  and  eigenvalues  representing  the  ‘*T2  state  of 
V^'*’  in  MgF2.  These  have  been  used  to  calculate  the  relative  intensities  in 
both  0  and  x  geometry  for  the  zero-phonon  absorption  spectrum.  The  best  fit 
to  the  spectrum  obtained  thus  far  assumes  that  the  Z'  vibronic  state  is 
raised  in  energy  at  least  100  cm”^  by  the  orthorhombic  potential  A  (see 
Fig.  II-6) .  The  main  splitting  of  the  observed  spectrum  is  given  by  the 
second-order  spin-orbit  interaction  2(ic  +  p).  The  additional  structure 
within  the  main  components  is  due  to  the  spin-orbit  interaction  and 
orthorhombic  crystal  potential  B,  both  drastically  reduced  by  the  Jahn-Teller 
overlap  factor  Y,  since  they  occur  in  the  Hamiltonian  matrix  only  as  off- 
diagonal  elements  between  the  vibronic  basis  states.  In  this  preliminary 
fit,  we  have  neglected  the  off-diagonal  contributions  of  ic(L  •  S)  ,  which 
should  also  be  reduced  by  the  factor  Y.  The  fit  obtained  in  Fig.  II-4  was 


Fig.  II-6.  Schematic  showing  breakup  of  V^'*‘-ion  levels 

(2) 

in  presence  of  Hamiltonian  Eq.  (II-2).  anA  J 

^  s-o  s-o 

are  spin-orbit  interaction  and  second-order  spin-orbit 

2 

interaction,  respectively.  Effect  of  snd  “BL^  are 

reduced  by  Jahn-Teller  overlap  factor  y. 

based  on  the  parameters  (tc  +  p)  =  -9  cm”^ ,  yA  =  1.2  cm~^  ,  yB  =  3.4  cm“^  , 

A  >  100  cra"^.  All  components  of  the  spectrum  were  assumed  to  be  Lorentzian 

with  half-width  2.6  cm“^ .  We  will  seek  to  improve  the  details  of  the  fit  by 

introducing  the  additional  off-diagonal  parameter  yK^  into  the  calculation. 

H.J.  Zeiger 
P.F.  Moulton 


C.  RAMAN  SPECTRA  OF  ULTRATHIN  Si  FILMS 

Raman  scattering  in  crystalline  materials  such  as  semiconductors  in¬ 
volves  the  interaction  of  an  incident  photon  of  energy  hu)^  with  a  phonon  of 
energy  h(o^  to  produce  a  scattered  photon  of  energy  hu)^  =  hu^^  -  hu)^  (Stokes 
scattering).  In  crystals  of  macroscopic  size,  the  requirement  of  momentum 


conservation  allows  only  long-wavelength  optical  phonons  with  wavevectors 
near  the  Brillouin-zone  center  to  participate  in  the  scattering  process.  In 
crystals  of  dimensions  approaching  typical  lattice  dimensions,  however,  this 
momentum  conservation  requirement  is  relaxed,  and  phonons  with  nonzero  wave- 
vectors  contribute  to  the  Raman  spectrum,  resulting  in  the  broadening  and 
shifting  of  the  optical  phonon  line.  Raman  spectroscopy  therefore  provides 
an  indication  of  the  size  of  crystalline  samples,  and  has  been  employed  to 
characterize  polycrystalline  semiconductor  films  that  have  been  incompletely 
recrystallized  from  the  amorphous  state.**  However,  no  quantitative  ex¬ 
planation  of  the  dependence  of  the  observed  Raman  spectra  on  crystallite  size 
has  been  presented.  We  report  here  the  preliminary  results  of  our  study  of 
sample  size  effects  on  the  Raman  spectrum  of  the  optical  phonons  in  Si  (at 
520  cm“^  in  bulk  Si)  using  Si  films  that  have  long-range  crystalline  order  in 
two  dimensions  but  are  very  thin  in  the  third  dimension  (down  to  30  A).  This 
system  is  easily  characterized  with  well-known  optical  constants  and  is  more 
accessible  to  simple  modeling  than  are  films  consisting  of  crystallites  of 
random  size  and  orientation.  A  quantitative  understanding  of  the  effect  of 
sample  size  on  Raman  lineshape  will  enhance  the  utility  of  Raman  spectros¬ 
copy  as  a  diagnostic  technique  for  characterizing  polycrystalline  material. 
These  measurements  are  also  important  for  understanding  the  modifications 
that  must  be  made  in  conventional  physical  models  of  semiconductor  devices  in 
order  to  scale  to  ultrasmall  dimensions. 

Thin  Si  films  were  prepared  from  commercially  obtained  <100>  Si  epi¬ 
taxially  grown  on  2-in.-dia.  polished  sapphire  substrates.  The  Si  was 
uniformly  oxidized  until  a  thin  Si  layer  of  the  desired  thickness  remained 
under  a  thick  Si02  cap.  The  individual  layer  thicknesses  of  the  resulting 
Al203-Si-Si02  structure  were  determined  by  fitting  to  theory  experimental 
transmission  spectra  recorded  over  the  0.4-  to  3-Mm  wavelength  range.  Good 
agreement  between  calculated  and  experimental  transmission  spectra  was 
obtained  down  to  Si  thicknesses  on  the  order  of  50  A  using  the  optical  con¬ 
stants  of  bulk  Si.  Because  of  the  nonuniform  thickness  of  the  starting 
silicon-on-sapphire  (SOS)  material,  the  thickness  of  the  Si  layer  used  for 


28 


the  measurements  varied  from  0  to  >650  A,  with  a  linear  wedge  of  35  A/mm 
across  the  wafer.  It  was  therefore  possible  to  investigate  a  wide  range  of 
Si-film  thicknesses  using  a  single  wafer. 

Raman  spectra  of  the  520-cm“^  optical  phonon  were  recorded  in  a  back- 
scattering  geometry  with  the  4880-A  radiation  of  an  Ar-ion  laser  normally  in¬ 
cident  on  the  film.  A  60X  microscope  objective  was  used  as  both  the  focusing 
and  collection  lens  to  provide  1-Um  spatial  resolution.  The  scattered  light 
was  dispersed  by  a  1-m  double  spectrometer  and  detected  with  a  cooled  GaAs 
PMT  using  photon  counting  electronics.  Raman  spectra  measured  as  a  function 
of  Si-film  thickness  over  a  thickness  range  of  190  to  30  A  exhibit  the  fol¬ 
lowing  general  behavior:  (1)  as  the  Si  thickness  decreases,  the  Raman  line 
broadens  and  develops  a  low-frequency  tail  extending  as  far  as  70  cm“^  from 
line  center;  (2)  the  peak  position  of  the  Raman  line  does  not  shift  sig¬ 
nificantly  (<1  cm“M  from  its  value  for  0.5-pm  SOS  even  for  a  Si  thickness  as 
small  as  28  A.  This  second  observation  is  in  contrast  to  results  obtained 
with  polycrystalline  Si  for  which  large  shifts  in  Raman  peak  position  have 
been  reported  and  attributed  to  dimensional  effects  in  the  small 
crystallites.**  Spectra  recorded  for  the  thicknesses  of  28  and  190  A  are 
shown  in  Fig.II-7.  The  spectrum  of  the  28-A-thick  film  clearly  exhibits  an 
unshifted,  broad,  central  peak  and  a  low-frequency  tail.  The  Raman  linewidth 
of  the  190-A  film  is  broadened  because  of  laser  heating;  its  low  power  value 
of  5.9  cm"^  is  the  same  as  that  obtained  for  0.5-pm  SOS.  Dramatic  broadening 
of  the  Raman  line  does  not  occur  for  film  thicknesses  greater  than 
approximately  100  A,  as  can  be  seen  from  the  summary  of  linewidth 
measurements  in  Fig.  II-8,  which  displays  the  central  peak  linewidth  as  a 
function  of  the  film  thickness. 

Broadening  of  the  Raman  line  toward  lower  frequency  is  expected  to  ac¬ 
company  the  relaxation  of  phonon  wavevector  selection  rules  in  crystals  of 
finite  size  because  of  the  participation  in  the  scattering  process  of  lower- 
energy  phonons  with  wavevectors  extending  into  the  Brillouin  zone.  In  amor¬ 
phous  Si,  where  there  is  no  long-range  order  and  all  phonons  are  able  to 
participate  in  the  scattering  process,  the  Raman  line  is  extremely  broad  and 
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Fig.  11-7.  Optical  phonon  Raman  spectra  in  Si  films 
of  28-  and  190-A  thickness. 
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-8.  Raman  linewidth  measured  as  a  function  of  Si  film 
ss.  Experimental  scattering  geometry  and  multilayer 
structure  are  also  shown. 


centered  at  480  cm~^.  It  is  interesting  to  note  that  the  30-A  film  is  only 
six  lattice  constants  thick  but  nevertheless  has  a  spectrum  that  is  much 
closer  to  that  of  bulk  Si  than  to  that  of  amorphous  Si,  Theoretical  efforts 
are  currently  under  way  to  model  the  dependence  of  the  Raman  lineshape  on 
film  thickness  in  order  to  understand  the  transition  from  a  crystalline  to 
amorphous  spectrum.  Part  of  the  observed  broadening  may  be  due  to  increased 
phonon  scattering  at  the  film  boundaries.  In  addition,  the  spectra  of  thin 
films  may  be  strongly  influenced  by  the  defects  at  the  Si-Al203  interface. 
Even  for  the  30-A  film,  however,  the  bulk  Si  polarization  selection  rules 
which  depend  upon  the  crystal  structure  were  still  well  satisfied  experi¬ 
mentally.  It  is  uncertain,  therefore,  what  effect  the  interface  defects  have 
on  the  observed  spectra.  Films  of  Si  on  quartz  which  have  fewer  interface 
defects  are  being  prepared  for  further  study. 

D.V,  Murphy 
S.R.J.  Brueck 
D.D.  Rathman 

D.  EFFICIENT  GaAs  SOLAR  CELLS  FORMED  BY  UV  LASER  CHEMICAL  DOPING 

The  use  of  UV  laser  chemical  processing  to  dope  silicon  has  recently 
been  described.^"®  The  process  has  been  used  to  make  good-quality  p-n  junc¬ 
tions  which  have  been  fabricated  into  Si  solar  cells  with  AMI  efficiencies 
of  10,3  percent.^  We  have  now  applied  this  technique  to  the  doping  of  GaAs 
and  to  Che  formation  of  GaAs  solar  cells. 

In  its  simplest  form,  laser  chemical  doping  involves  the  photolysis  of 
gas  phase  molecules  with  a  pulsed  UV  laser  to  release  dopant  atoms  which 
strike  the  surface  of  the  semiconductor.  The  pulsed  laser  simultaneously 
heats  the  surface  of  the  semiconductor  to  the  melting  point,  allowing  liquid 
state  diffusion  of  Che  dopant  atoms  into  the  semiconductor.  We  have 
examined  S-doping  of  GaAs  using  H^S,  a  common  doping  gas  used  in  systems  for 
growing  GaAs  by  chemical  vapor  deposition  (CVD).  A  pulsed  ArF  excimer 
laser,  operating  at  193  nm  and  producing  7-ns-long  pulses,  was  used  as  a 
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source.  The  laser  beam  was  brought  to  a  line  focus  near  the  surface  of  the 
sample  by  a  5-cm- focal-length  quartz  cylindrical  lens.  The  laser  was  oper¬ 
ated  at  2  Hz,  with  typical  laser  energy  densities  at  the  sample  surface  of 
0.1  J/cm^.  The  GaAs  samples  were  enclosed  in  a  1-cm-long  stainless-steel 
cell  which  was  translated  normal  to  the  beam  axis.  Scan  rates  of  0.25  to 
8  mm/min.  were  examined;  a  rate  of  1  mm/min. ,  corresponding  to  ~32  pulses  per 
focal  area,  was  near-optimum  for  solar-cell  formation  and  was  used  in  the  ex¬ 
periments  described  below. 

GaAs  solar  cells  were  formed  by  S-doping  a  p  epilayer  grown  on  a  p"*"  sub¬ 
strate,  producing  a  n''’/p/p'''  shallow  homojunction  structure.  The  epilayer  and 

1  7 

substrate  were  doped  with  Zn  to  concentrations  of  about  1  x  10  and  5  x 
10^®  cm“®,  respectively.  Samples  for  van  der  Pauw  measurements  of  sheet 
resistance  and  mobility  were  made  by  using  substrates  having  an  n“  epilayer 
with  a  carrier  concentration  of  ~10^’*  cm~® . 

A  number  of  parameter  studies  were  performed  to  find  the  optimum  condi¬ 
tions  for  the  formation  of  solar  cells.  Sections  of  a  GaAs  strip  were  pro¬ 
cessed  under  different  conditions  and  then  masked  and  wet-etched  to  produce 
mesa  solar-cell  structures  having  an  area  of  about  1  mm^.  A  relative  measure 
of  solar-cell  performance  was  obtained  from  the  open-circuit  voltage 
under  a  fixed  illumination  by  a  microscope  light.  Figure  II-9(a)  shows  the 
variation  of  the  electrical  properties  of  laser-doped  GaAs  with  ArF  laser 
energy  density,  while  Fig.  II-9(b)  shows  the  dependence  of  the  of  small 

test  cells  on  laser  energy  density  at  the  sample  surface.  The  latter  curve 
shows  that  there  is  only  a  relatively  narrow  range  of  energy  densities  over 
which  optimum  solar-cell  performance  can  be  obtained;  this  range  is  about 
ilO  percent  from  the  optimum.  This  contrasts  with  our  previous  experiments 
using  laser-doping  to  make  Si  solar  cells;  in  that  case,  the  incident  energy 
density  could  be  varied  by  about  -25  percent  around  a  nominally  optimum  value 
without  significant  variation  in  V 

oc 

Figure  II-9(a)  gives  some  indication  of  the  reason  for  the  more  critical 
nature  of  GaAs  junction  formation.  The  electrical  properties  of  the  doped 
material,  namely  the  sheet  resistance  and  the  surface  carrier  density. 
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Fig.  II-9.  (a)  Surface  carrier  density  and  sheet  resistance  of  UV 

laser  doped  GaAs  as  a  function  of  193-nni  energy  density  at 
substrate,  S  ~  ^  Torr.  (b)  Open-circuit  voltage  of  GaAs 

solar  cells  unler  fixed,  arbitrary,  illumination  vs  193-nm 
energy  density. 
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Fig.  II-IO.  Photocurrent  density  as  a  function  of 
voltage  for  a  3  x  3-mm  photochemi ca 1 ly  doped, 
antireflection-coated,  GaAs  solar  cell  with  an 
efficiency  of  10.8  percent  at  AMI. 

change  by  decades  for  variations  of  less  than  50  percent  in  the  laser  beam 
energy  density,  although  only  three  samples  were  examined,  the  trend  is 
clear.  The  surface  mobility,  as  obtained  from  the  van  der  Pauw  measurements, 
decreased  from  4500  to  80  cm^/V-s  as  the  energy  density  was  increased  over 
the  same  range  covered  by  Fig.  II-9(a).  Thus,  increasing  the  doping 
concentration  is  accompanied  by  a  more  rapid  decrease  in  electron  mobility 
than  that  which  would  be  expected  on  the  basis  of  the  known  variation  of 
mobility  with  carrier  concentration,  and  may  well  reflect  the  effect  of 
laser-induced,  electrically  active,  defects.  The  narrow  range  for  maximum 
probably  results  from  the  strong  dependence  of  both  doping  density  and 
mobility  on  laser  energy  density. 

Figure  11-10  shows  the  current-voltage  curve  of  a  3  x  3-mm-square  cell 
fabricated  from  an  ArF  laser  irradiated  sample;  the  cell  was  the  best  of 
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several  units.  The  cell  has  been  antireflection  coated  with  an  800-A-thick, 

electron-beam-evaporated,  Ta20^  film  having  a  refractive  index  of  2.0.  The 

V  was  0.775  V,  the  short-circuit  current  density  J  was  22.3  mA/cm^  (not 
oc  sc 

corrected  for  contact  finger  area),  and  the  fill  factor  was  0.62,  resulting 
in  a  measured  AMI  efficiency  of  10.8  percent.  This  efficiency  compares  quite 
favorably  with  the  value  of  12  percent  obtained  for  ion- imp 1 anted ,  CW  Nd:YAG 
laser-annealed,  GaAs  solar  cells  of  somewhat  smaller  area.^ 

In  conclusion,  we  have  used  pulsed  UV  laser  radiation  to  dope  GaAs  by  a 
process  involving  dissociation  of  a  doping  gas  and  laser-initiated  liquid 
state  diffusion.  The  doping  process  has  been  used  to  produce  p-n  junctions 
which  function  as  solar  cells  having  an  AMI  efficiency  of  10.8  percent,  a 
value  comparable  to  that  achieved  in  cells  formed  using  laser  annealing  tech¬ 
niques.  The  formation  of  p-n  junctions  which  function  as  efficient  solar 
cells  requires  close  control  over  laser  parameters.  The  low  sheet  resis¬ 
tances  obtained  compare  favorably  to  those  produced  using  other  beam¬ 
processing  techniques  and  suggest  that  ohmic  contact  formation  is  a  possible 
application  for  the  technique. 

T.F.  Deutsch  G.W.  Turner 

J.C.C.  Fan  R.L.  Chapman 

D.J.  Ehrlich  R.P.  Gale 

E.  FABRICATION  OF  THROUGH-WAFER  VIA  CONDUCTORS  IN  Si  BY  LASER 
PHOTOCHEMICAL  PROCESSING 

Through-wafer  via  conductors  have  applications  in  the  bonding  and  inter¬ 
connecting  of  novel  integrated-circuit  device  structures.  Previous  methods 

of  fabrication  have  relied  on  the  anisotropic  wet  etching  of  single-crystal 
substrates;  a  large  opening  angle,  associated  with  the  intersection  of  slow- 
etching  crystallographic  planes  of  the  substrate,  limits  these  methods  to 
low  effective-aspect-ratio  via  holes.  To  illustrate  this  limitation,  a  typ¬ 
ical  closest  spacing  for  vias  wet  etched  in  a  10-mil  wafer  is  ~15  mils. 

We  have  recently  developed  a  procedure  for  the  fabrication  of  high- 
aspect-ratio  through-wafer  via  conductors  in  Si.  The  technique  is  based  on  a 
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rapid,  highly  anisotropic,  laser  etching  process  followed  by  a  two-step 
metallization. 

The  details  of  the  laser  etching  process  have  been  described  previously. 
Briefly,  the  unprocessed  Si  wafer  is  enclosed  in  a  CI2  atmosphere  and  irra¬ 
diated  with  several  watts  of  focused  multiline  output  from  an  argon-ion 
laser.  As  illustrated  in  Fig.  Il-ll(a),  the  laser  output  both  photolyzes  the 
CI2  into  reactive  Cl  atoms  and  at  the  same  time  heats  a  several-micrometer 
spot  on  the  wafer  to  near  the  Si  melting  point.  A  highly  localized  reaction 
results  in  rapid  etching  accompanied  by  the  evolution  of  volatile  SiCl4 . 
Feature  sizes  as  small  as  several  micrometers  have  been  produced.  Although  a 
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Fig.  II-ll.  Procedure  for  fabricating  through-wafer 
via  conductors,  (a)  Laser  chemical  etching  of  high- 
aspect-ratio  conical  holes  in  CI2  gas.  O’)  Top  sur¬ 
face  scanning-electron  micrograph  of  a  conical  via. 
(c)  Top  and  bottom  surface  micrographs  of  finished 
via  conductor.  Top  surface  view  shows  a  rectangu¬ 
lar  pad  for  reverse-surface  bonding. 
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selective  etching  of  (100)  surfaces  is  seen  at  low  laser  powers,  no  orienta¬ 
tional  preference  is  observed  at  the  higher  powers  used  in  this  study.  Etch- 
rate  differences  for  n-  and  p-type  wafers  and  different  doping  levels  are 
also  small. 

For  this  demonstration,  arrays  of  via  holes  were  etched  through  unpro¬ 
cessed  Si  wafers.  The  wafers  were  loaded  into  a  reaction  chamber  containing 
400  Torr  of  research-grade  CI2 .  A  3-W  argon  laser  beam  was  focused  with  an 
f/10  achromatic  doublet  to  an  ~6-pm  spot  on  the  front  surface  of  the  wafer. 
This  exposure  initiates  a  rapid  reaction  which  results  in  through-wafer  etch¬ 
ing  of  250-lim-thick  wafers  in  ~25  s;  an  increased  rate  can  be  obtained  at 
higher  CI2  pressures.  With  the  laser  focus  at  the  wafer  front  surface,  con¬ 
ical  (40-iim  dia.  decreasing  to  5~pm  dia.)  holes  are  produced. 

Figure  Il-ll(b)  shows  a  top-surface  scanning-electron  micrograph  for  a 
wafer  with  a  (100)  surface  orientation.  Note  that  both  surfaces  show  indica¬ 
tions  of  the  rectangular  etching  profile  characteristic  of  the  (100)  orienta¬ 
tion.  This  indicates  that,  in  the  wings  of  the  thermal  gradient,  etching  is 
controlled  by  slow  dissolution  of  (111)  planes.  However,  the  high  aspect 
ratio  of  the  through-wafer  channels  shows  that  in  the  center  of  the  laser 
spot  the  etching  profile  is  primarily  determined  by  the  radial  thermal  dis¬ 
tribution.  As  a  result,  the  hole  taper  can  be  controlled  by  adjusting  the 
peak  temperature  and  beam  geometry;  conical,  doubly  tapered,  and  nearly 
straight-walled  profiles  were  obtained  by  altering  the  focusing  conditions 
and  laser  power. 

After  the  via  holes  were  etched,  the  wafers  were  thermally  oxidized  to 
an  Si02  thickness  of  I  pm  in  order  to  isolate  the  via  conductor  from  the  Si 
wafer.  Two  methods  were  then  used  to  apply  a  plating  base  to  the  internal 
hole  surface. 

In  the  first  method,  Ag  was  evaporated  onto  both  sides  of  the  wafer. 
Although  straightforward,  this  approach  has  the  disadvantage  that  heavy  evap¬ 
oration  is  required  since  the  internal  hole  surface  is  at  an  oblique  angle 
relative  to  the  source.  A  top-surface  thickness  on  the  order  of  10  to  15  pm 
was  required  to  produce  a  conductive  base  for  the  channels  used  in  this 
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study.  An  attempt  to  significantly  reduce  the  material  consumed  in  this 
step  using  sputtering  was  not  jcessful,  despite  the  generally  greater  step 
coverage  of  sputter  deposition. 

In  the  second  method,  laser  photodeposition  was  used  to  apply  the  plat¬ 
ing  base.  This  approach  has  the  advantage  that  holes  of  arbitrarily  high 
aspect  ratio  can  be  metallized.  To  use  this  process,  the  wafers  were  placed 
under  a  1-  to  2-Torr  at  ..osphere  of  Cd(CH3)2.  A  lO-pW,  257.2-nm  beam  from  a 
frequency-douV iCd  argon-ion  laser  was  then  focused  into  the  etched  via  holes. 
The  light  beam  deposits  a  Cd  surface  film  by  the  reaction 

Cd(CH3)2  +  hv  Cd  +  C2Hg 

Grazing-incidence  UV  radiation  is  sufficient  to  obtain  efficient  deposition 
and  gives  good  coverage  even  on  nearly  vertical  surfaces.  For  this  study 
1-min.  UV  exposures  were  used,  although  shorter  processing  times  are  possible 
with  a  high-power  laser. 

After  a  conducting  base  was  applied,  the  via  metallization  was  completed 
by  gold  electroplating.  Photolithography  was  then  used  to  isolate  the  vias 
for  testing.  Figure  II-ll(c)  shows  top  and  bottom  surface  views  of  a  com¬ 
pleted  via.  The  via  conductors  had  resistances  in  the  range  0.5  to  5  Q,  and 
could  carry  currents  of  up  to  1  A  before  failing.  None  of  them  were  shorted 
to  the  Si  wafer  itself.  Results  using  evaporation  and  laser  photodeposition 
of  the  plating  base  were  nearly  equally  good,  although  conductors  formed  by 
photodeposition  operate  less  stably  until  a  several-mA  burn-in  is  performed. 

D.J.  Ehrlich  R.W.  Mountain 

D.J.  Silversmith  J .Y .  Tsao 


F.  THREE-TERMINAL  DEVICE  USED  FOR  OPTICAL  HETERODYNING 
AT  SUBMILLIMETER  IFs 

There  has  been  considerable  interest  in  extending  heterodyne  technology 
into  the  visible  region  of  the  spectrum.  Such  work  has  relied  on  MOM  devices 
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and,  more  recently,  on  Schottky  diodes. However,  it  has  been  difficult  to 
find  suitable  devices  that  both  respond  to  visible  radiation  and  also 
exhibit  wide  IF  bandwidths.  We  report  here  the  use  of  three-terminal  GaAs 
FETs  to  mix  two  visible  lasers  with  IF  response  up  to  300  GHz.  Above  10  GHz 
a  local  oscillator  (LO)  is  injected  directly  into,  or  near,  the  gate  region 
of  the  FET,  and  the  IF  is  downconverted  to  about  500  MHz.  Since  response  to 
optical  signals  has  been  previously  observed  in  FETs,  “  our  initial  ex¬ 

periments  were  to  verify  that  millimeter  and  submillimeter  radiation  could  be 
effectively  coupled  and  detected  in  the  device.  Video  response  has  been 
obtained  up  to  800  GHz,  and  carcinotron  radiation  at  350  GHz  was  mixed  with 
the  5th  harmonic  of  a  70-GHz  klystron  to  produce  a  '45-dB  signal-to-noise  IF. 

In  going  to  the  optical  region,  a  He-Ne  laser  at  6328  A  and  a  tunable, 
stabilized  dye  laser  pumped  by  an  Ar*  laser  were  focused  onto  the  vicinity  of 
the  gate  with  an  ~3-Wm  diffraction-limited  spot.  The  FET  gate  is  0.5  ym  long 
by  52  lim  wide,  and  the  FET  is  mounted  in  the  common  source  configuration  and 
biased  in  the  linear  region  rather  than  in  the  saturated  region. ^ The  IF 
signal  is  taken  from  the  drain  terminal.  Below  40  GHz,  the  IF  was 
downconverted  to  500  MHz  by  directly  injecting  an  LO  into  the  gate.  At  the 
higher  IF  frequencies  the  klystron  or  carcinotron  was  coupled  in  via  a 
,  closely  placed  waveguide  (see  Fig. 11-12). 

A  number  of  mechanisms  for  the  observed  mixing  are  possible,  such  as 
photoconductivity  and  consequent  modulation  of  the  depletion  width  for  the 
optical  mixing,  and  distributed  cs.pacity  effects  under  the  Schottky  gate  for 
the  millimeter-wave  response.  Further,  since  the  FET  can  function  as  a 
three-terminal  oscillator  while  simultaneously  detecting  submillimeter  radia¬ 
tion  or  optical  beats,  it  offers  interesting  device  possibilities  such  as 
self-oscillating  mixers  or  subharmonic  LOs.  These  experiments  suggest  appli¬ 
cation  to  measuring  and  locking  optical  wavelength  sources  to  far-IR  and  RF 
frequency  standards,  as  well  as  to  very  wide-bandwidth  optical 
communications. 


H.R.  Fetterman  A.  Chu 

n.D.  Peck  P.E.  Tannenwald 
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Ill,  MATERIALS  RESEARCH 


A.  PROPERTIES  OF  ZONE-MELTING-RECRYSTALLIZED  Si  FILMS 

ON  Si02-COATEn  SUBSTRATES 

Si  I  icon-on-insiilator  (SOI)  structures  consisting  of  thin  Si  films  on 
insulating  layers  over  Si  substrates  are  of  interest  as  potential  materials 
for  very-h  igh-dens ity  and  very-high-speed  integrated  circuits  (ICs).  We 
recently  reported^  a  recrystal  1 izat ion  process  that  uses  a  movable  graphite 
strip  heater  for  zone  melting  polycrystalline  Si  films  deposited  on  Si02- 
coated  Si  substrates.  The  recrystallized  films,  which  have  (100)  texture, 
consist  of  elongated  grains  with  dimensions  up  to  a  few  millimeters  by  a  few 
centimeters.  The  grains  contain  numerous  sub-grain  boundaries  that  are  typ¬ 
ically  spaced  about  20  pm  apart.  Both  grain  and  sub-grain  boundaries  are 
generally  aligned  parallel  to  the  direction  of  molten-zone  motion.^ 

We  have  been  investigating  the  semiconductor  properties  of  the  zone- 
melt  ing-recrystal  I  ized  films  in  order  to  assess  their  potential  usefulness 
for  IC  applications.  The  results  of  initial  studies^  were  promising,  since 
large-dimension  MOSFETs  fabricated  in  the  films  were  found  to  have  good  elec¬ 
trical  characteristics  despite  the  presence  of  sub-boundaries  in  their  active 
region.  We  have  now  extended  these  studies  in  order  to  investigate  the  elec¬ 
trical  properties  of  the  sub-boundaries  in  detail.  We  find  that  the  sub¬ 
boundaries  have  little  effect  on  majority  electron  transport  at  room  tempera¬ 
ture  and  above  for  films  with  carrier  concentrations  of  about  10^^  cm"^. 
Therefore,  SOI  structures  incorporating  zone-melt ing-recrystal I i zed  films 
show  promise  for  IC  applications,  even  though  the  films  contain  sub¬ 
boundaries.  In  addition,  we  have  measured  the  minority-carrier  generation 
lifetimes  both  in  zone-me 1 t ing-rec ryst al I ized  Si  films  and  in  epitaxial 
Si  layers  grown  by  chemical  vapor  deposition  (CVD)  on  such  films.  The  life¬ 
times  in  both  materials  are  in  the  microsecond  range,  indicating  their  poten¬ 
tial  usefulness  for  bipolar  devices. 
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RESISTANCE  BAR 


1.  Majority-Carrier  Transport 

To  investigate  the  effect  of  sub-boundaries  on  carrier  transport  in 
zone-raelting-recrystallized  Si  films,  we  have  made  resistance  measurements 
over  the  temperature  range  between  -20*  and  +80“C  on  resistors  that  were 
fabricated  with  their  long  axis  either  approximately  perpendicular  or  approx¬ 
imately  parallel  to  the  long  axis  of  the  sub-boundaries  in  recrystallized 
films  0.5  Pm  thick.  To  fabricate  these  devices,  resistance  bars  with  dimen¬ 
sions  of  18  by  180  pm  were  defined  by  a  complete  moat  etch  isolation,  uniform 
donor  concentrations  of  ~1  x  10  or  ■'2  x  10  cm“  were  produced  by  implan¬ 
tation  of  150-keV  ions  followed  by  annealing  at  1000‘C,  and  ohmic  contacts 
were  made  by  using  P-dif fusion  at  950*C  to  form  heavily  doped  regions  at  the 
ends  of  the  bars,  then  depositing  an  Al  film  and  sintering  at  450°C.  Fig¬ 
ures  Ill-l(a)  and  (b)  are  photomicrographs  showing  resistors  that  are  respec¬ 
tively  perpendicular  and  parallel  to  the  sub-boundaries,  which  were  delin¬ 
eated  by  etching  after  the  resistance  measurements  were  completed.  In  both 
cases,  electron  transport  was  parallel  to  a  <100>  direction.  For  the  resis¬ 
tance  measurements,  we  selected  perpendicular  resistors  that  were  intersected 
by  ten  or  eleven  sub-boundaries  and  parallel  resistors  that  did  not  contain 
any  sub-boundaries. 

Figure  III-2  is  a  log-log  plot  showing  the  results  of  resistance  vs 
temperature  measurements  for  four  sets  of  resistors.  The  carrier  concentra¬ 
tion  n  is  1  X  10^  cm”^  for  two  sets,  2  x  10^^  cm”^  for  the  other  two.  For 
each  concentration,  one  jet  is  perpendicular  to  the  sub-boundaries  the 
other  is  parallel.  Each  data  point  represents  an  average  value  obtained  from 
measurements  on  several  resistors.  In  all  cases,  the  resistance  increases 
with  temperature,  in  contrast  to  the  results  for  resistors  fabricated  from 
CVD  poly-si  films,**  which  have  negative  temperature  coefficients  of 
resistance . 

To  determine  the  properties  of  the  sub-boundaries,  we  have  compared  the 

data  of  Fig.  III-2  for  parallel  and  perpendicular  resistors.  For  the  former, 

the  total  resistance  R  is  just  the  intragrain  resistance  R  ;  for  the  latter, 

R  is  the  sum  of  R-  and  the  sub-boundary  resistance  R„„.  We  assume  that  R  is 
G  S  n  G 

the  same  for  parallel  and  perpendicular  resistors  with  the  same  n,  so  that  at 
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a  given  temperature  T  the  difference  in  resistance  between  the  two  types  is 
equal  to  Rgg-  Figure  HI-2  shows  that  Rgg  is  always  much  less  than  Rg. 

In  bulk  Si  with  n  ~  10^^  cm“^,  over  the  temperature  range  studied  here 
the  carrier  mobility  varies  approximately  as  because  acoustic  phonon 

scattering  is  the  dominant  scattering  mechanism.  If  this  mechanism  also  dom¬ 
inates  intragrain  transport  in  the  recrystallized  films, 

«fhere  Rg^  is  the  value  of  Rg  at  300  K.  This  relationship  is  confirmed  by 

the  results  sho«m  in  Fig.  III-2  for  the  two  sets  of  parallel  resistors, 

since  the  data  are  well  fitted  by  straight  lines  of  slope  3/2.  The  values  of 

R_  for  these  lines  are  2.85  x  10**  and  1.82  x  10**  £l  for  n  of  1  x  10^^  and 
Go 

2  x  10^^  cm~^,  respectively. 

We  now  consider  the  perpendicular  resistors.  If  the  conventional 
charge-trapping  model***^  is  applicable,  charge  will  be  trapped  at  each  sub¬ 
boundary,  producing  a  potential  energy  barrier  to  carrier  transport.  By 
using  the  transport  equation  for  thermionic  emission^  and  assuming  a  discrete 
trapping  level  within  Che  band  gap,**  we  obtain 

T  t  /2 

“  ^SBo^300^  (II 1-2) 

where  R  is  a  constant,  and  barrier  height.  The  total 

SdO  SB 

resistance  for  a  perpendicular  resistor  is  obtained  by  adding  Eqs.  (III-l) 
and  (III-2): 

For  the  resistors  we  have  studied,  the  temperature  coefficient  of  R  is 
positive  because  the  first  term  on  the  right  side  is  much  larger  than  the 
second. 


In  confirmation  of  Eq.  (III-3),  we  have  found  that  this  equation  gives 

in  excellent  fit  to  the  experimental  results  for  the  perpendicular  resistors. 

The  curves  in  Fig.  III-2  for  the  two  sets  of  these  resistors  were  calculated 

from  Eq.  vtII-3)  by  using  the  values  of  R  given  above  for  the  parallel  re- 

Go 

sistors  of  the  same  n  and  adjusting  the  values  of  R  and  to  give  the 

SBo  SB 

best  fit  to  thj  data.  For  n  =  1  x  10^^  cm"^ ,  the  values  obtained  for  R„ 

’  SBo 

and  are,  respectively,  36.1  £J  and  0.17  eV;  for  n  =  2  x  10^^  cm"^,  they 

are  18.1  Q  and  0.058  eV.  The  values  of  R„  differ  by  a  factor  of  two.  We 

SBo 

have  derived  this  inverse  relationship  between  R  and  n  from  barrier- 

SBo 

resistance  theory. 

Since  the  depletion  width  associated  with  each  sub-boundary  is  much  less 

than  the  distance  between  adjacent  sub-boundaries,  the  sub-boundary  trapping 

states  will  be  completely  filled.  In  this  case  the  trapping-state  density 

is  related  to  *  by: 

SB 


(III-4) 


where  e  is  the  dielectric  constant  of  Si  (see  Ref.  4).  From  the  *  values 

^SB 

obtained  for  n  =  1  x  10^^  and  2  x  10^^  cm"^,  Eq.  (III-4)  gives  values  of 
7.48  x  10^^  and  7.78  x  10^^  cm"^,  respectively.  These  values,  which  agree 
within  experimental  error,  are  substantially  lower  than  those  of  2  to  4  x 
10^^  cm~^  reported  for  CVD  poly-Si  films.  This  difference  is  not  sur¬ 

prising,  since  the  degree  of  disorder  should  be  less  at  the  sub-boundaries 
than  at  grain  boundaries. 

The  effect  of  sub-boundaries  on  carrier  transport  has  also  been  studied 
by  measuring  the  room-temperature  surface  electron  mobilities  in  two  sets  of 
n-channel  MOSFETs,  which  were  fabricated  in  configurations  such  that  electron 
transport  is  parallel  to  the  sub-boundaries  in  one  set  and  perpendicular  in 
the  other.  The  devices  have  a  gate  width  and  gate  length  of  45  Urn  and  chan¬ 
nel  doping  concentration  of  5  x  10^^  cra"^  produced  by  implantation  of  B-ions 
followed  by  thermal  annealing.  For  each  set  of  transistors.  Fig.  III-3  shows 
the  distribution  of  mobility  measured  for  92  randomly  selected  devices.  The 
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SURFACE  ELECTRON  MOBILITY  {cin*/V-s) 


Fig.  III-3.  Distribution  of  surface  electron  mobility 
for  n-channel  MOSFETs  fabricated  in  zone-melting- 
recrystallized  Si  films  with  electron  transport  either 
parallel  or  perpendicular  to  sub-boundaries. 

devices  with  electron  transport  parallel  to  the  sub-boundaries  exhibit  an 

average  mobility  of  647  cm^/V-s,  with  a  standard  deviation  of  18  cm^/V-s. 

The  corresponding  values  for  the  other  set  are  635  and  22  cm^/V-s.  The 

mobility  difference  is  very  small,  although  the  active  region  in  each  of  the 

devices  with  perpendicular  transport  should  be  intersected  by  three  to  five 

sub-boundaries.  This  result  is  consistent  with  the  sub-boundary  parameters 

determined  from  the  data  for  the  thin-film  resistors.  Since  the  electron 

concentration  in  the  strongly  inverted  surface  layer  of  the  MOSFETs  is  very 

high  OlO^®  cm”®),  the  values  of  R  and  ^  in  this  layer  should  be  quite 

SdO  od 

smal 1 . 
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2.  Generation  Lifetime 

For  bipolar  device  applications,  the  lifetime  is  a  key  parameter  in 
determining  the  gain  and  speed.  Even  for  such  majority-carrier  devices  as 
MOSFETs,  the  minority-carrier  lifetime  is  significant  because  it  sets  a  lower 
limit  on  the  leakage  current  of  the  reverse-biased  drain  junction.  This 
current  is  especially  important  in  complementary  MOS  circuits,  where  it  de¬ 
termines  the  minimum  quiescent  power  dissipation. 

We  have  measured  the  generation  lifetimes  both  in  zone-melt ing- 
recrystallized  Si  films  and  in  epitaxial  Si  layers  grown  by  CVD  on  such 
films.  The  Si  epilayers,  ~2.5  Pm  thick,  were  grown  in  a  commercial  RF-heated 
horizontal  reactor.  In  each  deposition  run,  control  epilayers  were  grown  on 
Sb-doped  single-crystal  Si<100>  wafers.  Prior  to  epitaxial  growth,  some  of 
the  recrystallized  films  were  doped  with  As  to  a  concentration  of  ~10  cm~^ 
by  ion  implantation  followed  by  furnace  annealing.  Growth  was  carried  out  at 
1040°C  by  pyrolysis  of  silane  in  a  H2  stream  containing  sufficient  PH3  doping 
gas  to  yield  n-type  epilayers  with  a  carrier  concentration  of  ~2  x  10  cm”'’. 

This  concentration  and  the  layer  thickness  were  selected  to  produce  struc¬ 
tures  suitable  for  the  fabrication  of  bipolar  transistors.  Although  the 
recrystallized  Si  films  are  mirror-smooth,  the  epilayers  grown  on  them  have 
distinct  linear  surface  features,  which  are  shallow  grooves  located  above  the 
sub-boundaries  in  the  films.  These  features  are  illustrated  by 
Fig.  III-4(a),  which  is  a  photomicrograph  of  the  surface  of  an  MOS  capacitor 
fabricated  in  one  of  the  epilayers. 

Planar  MOS  capacitors  were  fabricated  both  in  the  recrystallized  Si 
films  and  in  the  epilayers.  Figure  III-4(b)  is  a  schematic  cross-sectional 
diagram  showing  the  structure  of  an  epilayer  device.  Selective  P-diffusion 
was  first  carried  out  at  950°C  to  produce  heavily  doped  n'*'  regions 
surrounding  the  gate  area  for  ohmic-contact  formation.  Gate  oxide  ~100  nm 
thick  was  then  grown  in  a  dry  O2  ambient.  Contacts  were  opened  and  a  1-pm- 
thick  A1  film  was  deposited  and  defined  over  the  gate  and  contact  areas.  The 
devices  were  finally  annealed  at  450°C  for  30  min.  in  H2 . 


TIME  (s) 


Fig.  III-5.  Ratio  of  capacitance  (C)  to  oxide  capacitance 
(C^^)  for  epilayer  MOS  capacitor.  (a)  Dependence  on  gate 

voltage  (V  ) ;  (b)  dependence  on  time  after  applying  step 
G 

bias  of  -20V. 


Figure  III-5(a)  shows  a  typical  high-frequency  C-V  curve  for  an  epilayer 
MOS  capacitor.  The  doping  concentration  in  the  epilayer,  as  determined 
from  the  ratio  of  inversion-state  capacitance  to  accumulation-state  capaci¬ 
tance,  is  ~2  X  10^^  cm-^.  A  fixed  oxide-charge  density  of  ~3  x  10^^  cm“^  is 
deduced  from  the  flat-band  voltage,  indicating  good  oxide  quality. 

The  generation  lifetime  was  measured  by  the  pulsed  MOS  capacitor  tech- 
nique, '  in  which  the  device  is  pulse  biased  into  deep  depletion  and  relaxes 
to  its  quasi-equilibrium  inversion  state  as  a  result  of  thermal  generation. 
Surface  generation  is  eliminated  by  the  H2  annealing  step  (Ref.  7),  so  that 
only  the  bulk  lifetime  is  measured.  This  lifetime  is  given  by  the 
expression^ 


n . 


(III-5) 


where  C  ,  C  ,  and  C  are  the  depletion  (initial),  inversion  Tinal),  and 
accumulation  (oxide)  capacitance,  respectively,  n^  is  the  intrinsic  carrier 
concentration,  and  t^  is  the  time  required  for  the  capacitance  to  change  from 
Cj  to  Cp .  Figure  III-5(b)  shows  a  typical  C-t  capacitor  response  curve  ob¬ 
tained  after  applying  a  step  bias  of  -20V.  The  value  of  t  obtained  from 

g 

Eq.  (III-5)  is  1.3  ps. 

Lifetime  measurements  have  also  been  carried  out  for  MOS  capacitors 
fabricated  directly  in  the  recrystallized  Si  films.  Since  the  films  are 
only  about  0.5  pm  thick,  to  prevent  depletion  under  the  pulsed  bias  condition 
the  value  of  Np  was  increased  to  ~1  x  10^^  cm“3  by  implantation  of  150-keV  P''" 
ions  and  annealing  at  lOOO’C.  For  this  value  of  ,  the  depletion  width  is 
~0.4  pm  under  a  -20-V  pulsed  bias  condition.  The  generation  lifetimes  mea¬ 
sured  for  the  films  are  in  the  range  of  0.2  to  0.5  ps. 

Generation  lifetimes  in  the  recrystallized  films  have  also  bten  deduced 
from  the  p-n  junction  leakage  currents  measured  for  n-channel  MOSFETs  fabri¬ 
cated  by  a  standard  self-aligned  poly-Si  gate  technique.^  The  devices  have 
a  p-type  channel  doping  concentration  of  ~1  x  10^^  cm-^.  The  leakage  current 
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density  J  measured  at  -5  V  drain  bias  is  typically  ~3  x  10”^  A/cm^,  but  val¬ 
ues  as  low  as  8  X  10~®  A/cm^  have  been  measured.  According  to  Ref.  8,  the 
lifetime  is  given  by  =  qn^W/2J,  where  W  is  the  junction  depletion  width. 

For  J  =  8  X  10“®  A/cm^ ,  T  is  calculated  to  be  1.2  us.  This  value  should  be 

g 

considered  as  a  lower  limit,  since  the  leakage  current  is  partially  due  to 
electron  conduction  near  the  lower  Si-Si02  interface. 

Table  III-l  summarizes  the  generation-lifetime  data  for  various  sample 
structures.  The  values  for  each  structure  were  obtained  from  measurements  on 
more  than  ten  randomly  selected  devices.  The  lifetimes  in  epilayers  grown  on 
the  recrystallized  Si  films  are  comparable  to  those  in  control  layers  grown 
on  single-crystal  Si  wafers  and  are  substantially  higher  than  the  values  of 
1  to  40  ns  reported  for  conventional  Si-on-sapphire  materials.  The  observa¬ 
tion  of  generation  lifetimes  in  the  microsecond  range  for  both  the  recrys¬ 
tallized  films  and  the  epilayers  grown  on  them  suggests  that  the  defects  in 
these  materials  are  not  very  effective  trapping  centers.  If  the  recombina¬ 
tion  lifetimes  also  have  comparable  values,  SOI  structures  prepared  by  zone¬ 
melting  recrystallization  and  subsequent  epitaxial  growth  are  potentially 
useful  for  bipolar-device  applications. 


B-Y.  Tsaur  D.J.  Silversmith 

J.C.C.  Fan  R.W.  Mountain 

M.W.  Geis 

B.  PREPARATION  OF  ORIENTED  GaAs  BICRYSTAL  LAYERS  BY  VAPOR-PHASE 
EPITAXY  USING  LATERAL  OVERGROWTH 

The  increasing  utilization  of  polycrystalline  semiconductors  for  various 
device  applications  has  stimulated  numerous  investigations  of  the  electronic 
properties  of  grain  boundaries  (GBs).  It  has  been  found  that  these  properties 
are  influenced  by  both  GB  structure  and  composition,  but  detailed  study  of 
structural  effects  has  been  limited.  A  systematic  experimental  study  of 
these  effects  requires  the  availability  of  samples  containing  GBs  that  have 
well-specified  structures  with  geometries  suitable  for  electronic 
character izat ion. 
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Nine  parameters  are  required  for  completely  specifying  the  geometrical 
structure  of  an  ideal  GB  between  two  crystals:  three  orthogonal  axes 
defining  a  reference  coordinate  system  that  is  associated  with  one  of  the 
crystals,  three  angles  by  which  the  second  crystal  is  rotated  about  these 
axes  with  respect  to  the  first,  and  the  three  coordinates  of  the  boundary 
plane  in  the  reference  system.  This  report  describes  a  novel  technique  that 
utilizes  vapor-phase  epitaxy  to  grow  bicrystal  layers  in  which  these 
parameters  are  all  determined.  As  an  initial  demonstration  of  this 
technique,  we  have  grown  a  series  of  GaAs  bicrystals  in  each  of  which  the 
boundary  plane  is  a  (111)  plane  and  the  two  crystals  are  rotated  with  re¬ 
spect  to  each  other  about  a  [110]  axis,  but  not  about  the  other  two 
orthogonal  axes.  Thus,  the  GBs  are  [110]  tilt  boundaries  with  structures 
differing  only  in  the  magnitude  of  the  illO]  rotation  angle,  which  we 
designate  as  the  misor ientat ion  angle  b.  Initial  electrical  measurements 
indicate  that  there  is  a  potential  barrier  associated  with  each  GB  whose 
height  varies  with  6. 

The  GaAs  bicrystals  are  grown  on  composite  substrates  prepared  by 
bonding  two  appropriately  oriented  GaAs  crystals  that  are  cut  from  a  single¬ 
crystal  boule.  As  shown  schematically  in  Fig.lII-6,  the  crystals  have  (110) 
faces,  and  cross  sections  for  bonding  are  cut  perpendicular  to  these  faces. 
For  the  reference  crystal,  which  we  also  designate  as  Crystal  1,  the  cross 
section  is  a  (Ill)  plane;  for  Crystal  2,  the  cross  section  is  an  off-(lll) 
plane  that  is  rotated  about  the  [110]  direction  by  the  desired  mi sor ientat ion 
angle.  The  cross  sections  are  then  polished,  and  the  crystals  are  encap¬ 
sulated  with  a  thin  layer  of  phosphosilicate  glass.  One  of  the  cross  sec¬ 
tions  is  coated  with  photoresist  containing  particles  of  a  PbO-SiOa-Al 2O3 
glass.  The  cross  sections  are  placed  in  contact,  and  the  crystals  are 
pressed  together  and  heated  in  air  to  above  810°C,  the  melting  point  of  the 
glass.  During  this  process  the  photoresist  is  volatilized,  and  the  crystals 
are  bonded  together  by  a  continuous  glass  film  about  3  Urn  thick.  After 
cooling,  the  composite  formed  is  cut  into  wafers  750  Pm  thick  with  (110) 
surfaces.  One  such  wafer  is  shown  schematically  in  the  upper  diagram  of 
Fig.  III-7.  The  upper  (110)  surface  is  lapped,  polished,  and  coated  by 
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Fig.  I1I-6.  Geometry  of  single  crystal  cut  to  form  component 
crystals  of  substrate  for  epitaxial  growth  of  bicrystal  layer 
with  [110]  tilt  boundary. 

chemical  vapor  deposition  with  an  Si02  layer  0.2  pm  thick.  To  complete 
preparation  of  the  substrate,  an  Si02  stripe  35  pm  wide  that  runs  along  the 
length  of  the  bonded  interface  is  defined  photolithographical ly .  As  shown  in 
the  upper  diagram  of  Fig.  III-7,  this  stripe  masks  the  bonding  glass  film  and 
extends  15  pm  over  each  of  the  GaAs  crystals. 

Except  for  the  use  of  composite  substrates,  the  procedure  for  obtaining 
GaAs  bicrystals  is  essentially  the  same  as  the  one  we  have  employed  previ¬ 
ously  for  preparing  single-crystal  GaAs  layers  over  insulating  films  by  means 
of  lateral  overgrowth  using  the  AsCl2-GaAs-H2  method  of  vapor-phase 
epitaxy . ^ Deposition  of  GaAs  is  carried  out  under  conditions  selected  so 
that  nucleation  of  GaAs  growth  occurs  on  the  exposed  (110)  surface  of  Crys¬ 
tals  1  and  2,  but  not  on  the  SiOz  masking  stripe.  When  the  thickness  of  the 
GaAs  epilayers  on  the  crystals  exceeds  that  of  the  Si02,  these  layers  seed 
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Fig.  III-7.  Schematic  diagrams  of  composite  substrate  (top) 
and  cross  section  of  substrate  and  bicrystal  layer  grovm  by 
vapor-phase  epitaxy  (bottom). 


lateral  growth  over  the  stripe.  This  overgrowth  continues  simultaneously 
with  vertical  growth  until  the  two  layers  merge  to  form  a  continuous  film, 
after  which  growth  proceeds  normally.  The  lateral  growth  seeded  by  Crystal  1 
is  bounded  by  a  slow-growing  (Til)  facet.  Since  the  GB  in  the  bicrystal  is 
located  where  the  two  lateral  growths  merge,  as  shown  in  the  lower  diagram  of 
Fig.  III-7  the  GB  plane  is  a  (111)  plane,  regardless  of  the  misorientation 
angle  of  Crystal  2. 

Three  nominally  undoped  bicrystal  layers  about  30  Pm  thick  -  containing 
[llOl  tilt  boundaries  with  0  of  approximately  10*,  24*,  and  30*  -  were  pre¬ 
pared  in  a  single  deposition  run  with  a  growth  time  of  7  h  at  a  substrate 
temperature  of  720*C.  A  control  sample,  which  we  designate  as  a  "0*  bicrys¬ 
tal,"  was  grown  in  the  same  run  on  a  composite  substrate  formed  from  two 
crystals  -  both  having  bonding  cross  sections  cut  10*  from  the  (Til)  plane. 
The  crystals  used  to  form  the  substrates  were  all  cut  from  the  same  nominally 
undoped,  high-resistivity  p-type  GaAs  boule.  A  conventional  epilayer  grown 
during  the  same  deposition  run  on  a  single-crystal  (110)  substrate  was  found 
to  be  n-type  with  a  carrier  concentration  of  1  x  10^^  cm"^. 

Laue  back-reflection  x-ray  diffraction  photographs  were  taken  for  the 
four  bicrystals.  Each  photograph  shows  two  (110)  patterns  rotated  with  re¬ 
spect  to  each  other  by  the  angle  0  about  the  [110]  tilt  axis.  In  each  case, 
the  [110]  poles  are  slightly  displaced  from  each  other,  indicating  a  devia¬ 
tion  of  less  than  1*  from  the  pure  tilt  orientation.  The  values  of  6  mea¬ 
sured  from  the  Laue  patterns  are  10.1*,  24.0*,  and  30.5*,  with  an  estimated 
uncertainty  of  0.5*,  compared  with  intended  values  of  10*,  25*,  and  30*. 

Figure  III-8  shows  Noraarski  interference  contrast  micrographs  taken  of 
the  as-grown  surfaces  of  the  0*  and  24*  bicrystal  layers.  Similar  micro¬ 
graphs  were  obtained  for  the  other  two  bicrystals.  In  each  case  the  trace  of 
the  GB  is  quite  straight,  indicating  that  the  rate  of  lateral  growth  for  each 
component  crystal  was  uniform  along  the  length  of  the  Si02  stripe.  Matching 
series  of  parallel  straight  lines  that  can  be  attributed  to  surface  faceting 
during  growth  are  observed  for  the  two  crystals,  with  the  corresponding  pairs 
of  lines  meeting  along  the  GB  at  the  angle  6. 
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For  electrical  measurements  on  each  of  the  bicrystals,  specimens  1.5  mm 
wide  and  5  mm  long  were  prepared  by  making  a  series  of  saw  cuts  perpendicular 
to  the  GB  and  extending  through  the  bicrystal  layer  and  substrate.  A  mesa 
about  0.5  mm  wide,  bisected  by  the  GB,  was  then  defined  by  masking  the  grown 
surface  and  etching  down  to  the  substrate.  Four  ohmic  contacts,  two  on  each 
crystal,  were  prepared  by  alloying  Sn  dots  to  the  mesa  at  300  G. 

Figure  III-9  shows  the  I-V  curves  obtained  by  measurements  across  the  GB 
in  the  0”,  10°,  and  24°  bicrystals.  For  the  0°  bicrystal  the  curve  is 

linear,  showing  that  no  potential  barrier  is  present.  The  other  two  curves 

have  a  strongly  nonlinear  form  characteristic  of  back-to-back  diodes.  This 
behavior  indicates  the  existence  of  a  potential  barrier  due  to  trapped  charge 
at  the  GB.  Both  curves  are  asymmetric,  probably  due  to  differences  in 
carrier  concentration  between  the  two  component  crystals  that  result  because 
the  rate  of  dopant  incorporation  during  lateral  growth  varies  with 
crystallographic  orientation.  The  curves  are  plotted  so  that  the  portion 
in  the  first  quadrant  shows  the  behavior  obtained  when  a  positive  bias  was 
applied  to  the  (111)  reference  crystal.  For  this  portion  the  breakdown 

voltage  is  much  higher  for  the  24°  bicrystal  than  for  the  10°  one,  indicating 

that  the  potential  barrier  increases  with  increasing  6,  as  might  be 
expected. 

J.P.  Salerno  J.C.C.  Fan 

R.W.  McClelland  W.  Macropoulos 

P.  Vohl  C.O.  Bozler 
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IV.  MICROELECTRONICS 


A.  VERTICAL  SINGLE-GATE  CMOS  INVERTERS  ON  LASER-PROCESSED 
MULTILAYER  SUBSTRATES 

Complementary  MOS  (CMOS)  logic  is  important  because,  for  a  given  minimum 
feature  technology,  it  consumes  less  power  than  any  other  MOS  logic  configu¬ 
ration.  This  advantage  is  gained  at  the  expense  of  substrate  area  per  logic 
unit.  The  joint-gate  CMOS  (JCMOS)  logic  configuration  offers  a  solution  to 
this  problem  because  nMOS  and  pMOS  transistors  are  stacked  vertically  to  save 
substrate  area.  The  feasibility  of  this  logic  configuration  was  first 
reported  by  Gibbons  and  Lee.^  The  JCMOS  inverter  reported  here  differs  from 
the  earlier  design  because  it  is  fabricated  from  the  top  down  rather  than 
from  the  bottom  up  in  order  to  achieve  self-alignment.  Moreover,  by  using 
the  top-down  fabrication  procedures  one  can  avoid  lateral  diffusion  of  the 
p'*'  source  and  drain  regions  of  the  lower  pMOS  transistor  during  both  laser 
recryatallization  of  the  upper  polysilicon  layer  and  n"*"  source-drain  forma¬ 
tion  for  the  nMOS  transistor. 

Fabrication  of  the  JCMOS  inverter  starts  with  an  n-type  <100>  5-  to 
10-Q-cm  substrate.  A  1000-A  thermal  oxide  is  grown,  followed  by  a  l-|im 
deposition  of  LPCVD  polysilicon  to  serve  as  the  gate  electrode  of  both  pMOS 
and  nMOS  transistors.  The  gate  polysilicon  is  heavily  ion-implanted  with 
boron  (2.5  x  10^®  cm”^)  in  order  to  allow  fabrication  of  an  upper  nMOS  tran¬ 
sistor  with  reduced  vertical  e'tctric  field  after  threshold  voltage  ad¬ 
justment  by  ion  implantation.^  Next,  a  gate  oxide  of  1500  A  is  thermally 
grown  over  the  polysilicon  joint  gate.  A  7500-A  layer  of  amorphous  silicon 
is  deposited  over  this  gate  oxide  to  serve  as  the  active  region  for  the  nMOS 
transistor  following  recrystallization.  A  threshold  adjustment  implant  pro¬ 
vides  for  an  ‘iltimate  boron  background  concentration  of  1.33  x  10^®  cm~®. 
Laser  recrystallization  is  performed  with  a  scanning  CW  argon  laser  at  a 
power  density  of  7  x  10®  W/cm^  and  a  scanning  speed  of  4  cm/s.  An  additional 
1500-A  layer  of  polysilicon  is  deposited  for  consumption  by  an  oxidation  step 
that  appears  later  in  this  process  sequence.  Finally,  a  500-A  layer  of  CVD 


Fig.  IV-3.  Top  view  of  completed  JCMOS  inverter. 

Si02  is  deposited,  followed  by  a  2500-A  layer  of  CVD  Si3N4.  Figure  lV-1 
shows  the  "wedding-cake"  structure  that  is  created  by  the  preceding  pro¬ 
cessing  steps. 

The  detailed  fabrication  sequence  for  the  JCMOS  inverter  is  described 
elsewhere.^  The  inverter  uses  six  masks  ir.  a  self-aligned,  top-down  pro¬ 
cess.  The  gate-width  to  gate-length  ratio  (W/L)  was  88/38  Urn  for  the  nMOS 
upper  device  and  88/60  pm  for  the  pMOS  lower  device.  A  cross  section  of  the 
completed  structure  is  shown  in  Fig.  IV-2,  and  a  top  view  of  the  finished 
device  is  given  in  Fig.  IV-3. 

Figures  IV-4(a)  and  (b)  show  typical  source-drain  characteristics  of 
the  nMOS  and  pMOS  transistors,  respectively.  Analysis  of  the  nMOS  devices 
yielded  an  average  surface  electron  mobility  of  200  cm  /V-s  and  an  avetage 
threshold  voltage  of  +3.8  V.  Analys’j  of  the  pMOS  devices  yielded  an  average 
surface  hole  mobility  of  230  cm  /V-s  and  an  average  threshold  voltage  of 
-2.5  V. 


6  7 
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Fig.  IV-4.  (a)  nMOS  and  (b)  pMOS  1-V  characteristics  as  measured 

on  a  typical  JCMOS  inverter. 
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Fig.  IV-5.  Transfer  curve  for  JCMOS  inverter.  Each  major  division 
in  X  (input)  and  Y  (output)  is  2  V.  Zero  input  corresponds  to 
left-hand  axis,  while  zero  corresponds  to  y-axis  baseline. 

The  inverter  transfer  curve  shown  in  Fig.  IV-5  is  the  characteristic 
displayed  by  the  JCNOS  inverter  when  connected  as  shown  in  Fig.  IV-2.  The 
low  frequency  gain  is  -12.5.  The  increasing  voltag.,-  in  the  output  logical 
zero  state  is  due  to  gate  oxide  leakage  in  the  lower  pMOS  device.  This  prob¬ 
lem  may  be  related  to  the  recrystallization  procedure  that  was  chosen. 

JCMOS  inverter  rise  and  fall  times  are  typically  2  Ws,  limited  both  by 
the  relatively  poor  (~200  cm^/V-s)  surface  electron  mobility  in  the  top-layer 
recrystallized  nMOS  device  and  by  the  high  parasitic  capacitance  (~1  pF) 
inherent  in  this  type  of  3-D  structure.  The  effects  of  parasitic  capacitance 
can  be  significantly  reduced,  in  part,  by  appropriate  layout  design  and  W/L 
scaling.  L  4-lim-channe 1-length  technology  yields  a  JCMOS  inverter  with 


approximate  40-  x  8-Pm  dimensions.  Improved  recrystallization  procedures 
offer  promise  for  more  favorable  surface  electron  mobility. 

G.T.  Goeloe  R.W.  Mountain 

E.W.  Mabyt  D.A.  Antoniadist 

D.J.  Silversmith 

B.  HIGH-RESOLUTION  ION-BEAM  LITHOGRAPHY 

Ion-beam  exposure  of  resists  is  a  promising  new  lithographic  technique 
for  the  reproduction  of  patterns  having  submicrometer  features.**"®  Both  high 
resolution  and  short  exposure  times  should  be  possible.  The  main  difficulty 
is  the  development  of  a  suitable  mask  technology  which  will  provide  suffi¬ 
cient  contrast  with  a  minimum  of  scattering  of  the  incident  beam.  Rensch  et 
al . ®  have  reported  the  replication  of  ~'0.5-pm  features  with  an  estimated 
resolution  of  <0.1  pm  by  exposing  PMMA  through  an  open  transmission  mask. 
Karapiperis  and  Lee^  have  fabricated  400-A  slots  in  PMMA  by  exposing  it 
through  an  open  conformable  gold  mask.  In  this  report,  we  describe  a 
reusable  membrane  mask  for  protons  which  we  have  used  to  replicate  lines  as 
small  as  600  A. 

A  proton  mask,  like  an  x-ray  mask,  has  transparent  and  opaque  areas 
which  define  the  pattern  to  be  replicated.  In  the  case  of  protons,  the  ma¬ 
terials  which  might  be  used  as  the  opaque  absorber  differ  by  only  about  a 
factor  of  two°  in  their  stopping  power  compared  with  resist  materials  such  as 
PMMA.  Therefore,  to  produce  high-aspect-ratio  structures  in  resist,  the  mask 
must  also  have  high-aspect-ratio  structures. 

The  mask  which  was  developed  for  these  experiments  is  shown  in 

Fig.  IV-6.  It  consists  of  a  single  polyimide  membrane^  1  to  2  pm  in 
thickness.  The  pattern  to  be  replicated  is  defined  as  a  surface  relief 
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Fig.  IV-6.  Polyimide  membrane  mask  structure.  Pattern 
to  be  replicated  is  defined  as  a  surface  relief 
structure.  Protons  are  stopped  in  thick  areas  of  mask 
but  pass  through  thin  areas,  exposing  resist. 

structure  on  the  membrane.  The  detailed  fabrication  sequence  is  illustrated 
in  Fig.  IV-7.  Oxygen  reactive-ion  etching^®  (R.I.E.)  is  used  to  fabricate 
high-aspect-ratio  structures  in  the  polyimide.  Contrast  for  the  proton 
exposure  of  resist  is  provided  by  the  modulation  in  membrane  thickness,  the 
polyimide  acting  as  both  absorber  and  support  membrane.  The  stopping  power 
of  polyimide  was  determined  by  measuring  the  transmission  of  protons  through 
membranes  of  known  thickness  as  a  function  of  incident  beam  energy.  The 
results  for  three  membrane  thicknesses  are  shown  in  Fig.  IV-8.  From  these 
measurements  we  assign  a  nominal  value  of  100  keV/pm  for  the  stopping  power 
of  polyimide  for  protons  in  the  energy  range  of  50  to  200  keV.  This  value, 
along  with  the  value  of  125  keV/pm  for  PMMA,^^  allows  the  design  of  an 
appropriate  mask  structure. 
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Fig.  IV-7.  Mask  fabrication  procedure.  Pattern  is  originally  defined 
in  PMMA  by  x-ray  lithography  and  a  Cr  liftoff  is  performed.  Cr  acts 
as  a  mask  for  oxygen  R.l.E.  of  polyimide. 
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Fig.  IV-8.  Proton  transmission  vs  energy.  Transmission  curves 
for  three  membrane  thicknesses  are  shown.  Stopping  power  of 
polyimide  for  protons  in  energy  range  of  50  to  200  keV  is 
~100  keV/wm. 

The  exposure  process  is  shown  schematically  in  Fig.  IV-9.  A  conven¬ 
tional  ion-implantation  system  is  used  to  generate  a  beam  of  protons  whose 
energy  can  be  varied  from  AO  to  400  keV.  The  beam  is  incident  on  the  poly¬ 
imide  membrane  mask,  which  is  held  in  contact  with  a  PMMA-coated  substrate. 
Beam  energy  is  selected  so  that  the  protons  are  stopped  in  the  thick  areas  of 
the  mask  but  pass  through  the  thin  areas,  emerging  with  sufficient  energy  to 
expose  the  PMMA.  The  optimal  combination  of  proton  dose  and  development 
parameters  was  determined  empirically.  A  dose  of  2  x  10^^  H'''/cm^,  followed 
by  development  for  45  s  in  a  40-percent  methyl  isobutyl  ketone,  60-percent 
isopropyl  alcohol  solution  yielded  the  best  results.  All  the  exposure  re¬ 
sults  reported  here  were  obtained  using  this  set  of  dose-development 
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Pig.  IV-9.  Exposure  process.  An  ion-implantation  system  is  used 
to  flood-expose  mask  and  wafer  with  a  collimated  proton  beam. 

conditions.  In  addition,  it  was  found  that  loss  of  contact  between  the 
mask  and  wafer  occurred  unless  the  mask  was  placed  with  the  relief  structure 
facing  the  PMMA  (as  shown  in  Fig.  lV-9).  We  believe  that  this  is  the  result 
of  gas  evolution  from  the  PMMA  during  exposure.  With  the  relief  structure 
against  the  resist,  the  evolved  gas  can  be  contained  in  the  small  volume 
between  the  thin  areas  of  the  mask  and  the  wafer.  In  the  case  of  grating 
patterns,  it  was  found  that  extending  the  etched  channels  to  the  edge  of  the 
mask  mounting  ring  completely  eliminated  any  contact  problems.  In  this  case, 
the  evolved  gas  is  able  to  migrate  down  the  channels  and  out  from  under  the 
membrane. 

>  Figures  IV-10  and  IV-11  are  scanning  electron  micrographs  of  patterns 
replicated  in  PMMA.  Polyimide  membrane  masks  of  total  thickness  2  ym  and 
etched  depth  1  Urn  were  used  for  these  exposures.  The  incident  energy  of  the 
protons  was  200  keV.  Figure  lV-10  shows  O.S-ym  slots  spaced  by  1  ym  in 
0.4-yaj-thick  PMMA.  The  PMMA  pattern  has  an  aspect  ratio  of  approximately 
half  that  of  the  mask  pattern,  and  has  nearly  vertical  sidewalls. 

Figure  IV-11  shows  0.16-ym  lines  and  spaces  in  0. 13-Pm-thick  PMMA.  At  these 
dimensions,  the  sidewall  definition  remains  excellent  and  any  effects  of 
proton  scattering  while  passing  through  the  1-Pm-thick  mask  areas  are  not 
apparent. 
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Fig.  IV-10.  Scanning  electron  micrograph  of  proton-exposed 
pattern  in  0 .A-ym-th ick  PMMA.  Lines  are  0.7  pm  wide,  and 
spaces  are  0.3  poi  wide. 


Fig.  IV-11.  Scanning  electron  micrograph  of  0 .32-)im-period 
pattern  in  0.13  Um  of  PMMA. 

To  replicate  even  finer  features,  a  thinner  membrane  must  be  used.  A 
polyimide  membrane  of  l-pm  total  thickness  and  0.4-pm  etch  depth  was  used  to 
produce  the  pattern  shown  in  Fig.  IV-12;  the  proton  energy  was  100  keV.  The 
lines  are  approximately  600  A  wide  and  0.28  pm  high,  spaced  by  0.3  Wn.  The 
finer  features  reproduced  along  the  edges  of  the  lines  and  the  steepness  of 
the  sidewalls  indicate  that  the  resolution  is  considerably  better  than 


Pig.  IV-12.  Scanning  electron  micrograph  of  ~600-A  lines 
separated  by  0.3  Um.  PMMA  thickness  is  0.28  pm. 

In  conclusion,  a  new  al 1-polyimide  membrane  mask  for  protons  has  been 
developed.  Replication  of  features  as  small  as  600  A  has  been  demonstrated. 
By  using  thinner  membranes,  it  shoulJ  be  possible  to  extend  the  resolution  of 
this  technique,  and  the  replication  of  features  as  small  as  100  to  200  A  may 
be  possible. 
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C.  CHARGE-COUPLED  DEVICES:  TWO-DIMENSIONAL  CORRELATOR 


Two-dimensional  correlation  is  of  interest  for  processing  imagery  and 
other  data  which  occur  in  a  two-dimensional  format.  Examples  of  its  use 
include  pattern  recognition,  correlation  tracking,  and  linear-filtering  op¬ 
erations  such  as  edge  detection  and  smoothing.  In  general  this  process  is 
computation-intensive,  and  fast,  special-purpose  digital  processors  are  often 
needed  to  perform  the  computations  in  a  reasonable  time.  Because  of  their 
far  more  efficient  computational  power,  CCDs  offer  the  possibility  of  high¬ 
speed  processing  combined  with  the  modest  size  and  power  consumption  required 
in  many  military  systems.  In  this  report,  we  describe  a  high-speed  CCD-based 
system  which  correlates  a  256  x  256  signal  with  a  32  x  32  reference  in  ap¬ 
proximately  1  s  for  a  computation  rate  of  more  than  100  million  operations 
per  second. 

A  diagram  of  the  two-dimensional  correlator  system  is  shown  in 
Fig.  IV-13.  The  signal  and  reference  memory  data  are  stored  as  8-  and  6-bit 
words,  respectively,  and  coded  in  2* s-complement  format.  The  actual  corre¬ 
lation  computation  is  performed  by  two  CCDs,  a  programmable  transversal  fil¬ 
ter  (PTF)  and  an  accumulating  memory.  The  PTF^^»^^  is  a  32-stage  device 
whose  tap-weight  values  are  digitally  programmable  as  6-bit  words,  and  is 
capable  of  operating  at  a  25-MHz  clock  rate,  although  we  clock  it  at  5  MHz 
for  the  2-D  correlator. 

The  accumulating  memory  consists  of  a  shift  register  with  a  charge  stor¬ 
age  site  beside  each  shift-register  cell.  A  sequence  of  charge  packets  can 
be  loaded  into  the  shift  register  and  transferred  laterally  into  the  storage 
sites  where  they  are  added  to  previously  stored  packets.  The  contents  of  the 
storage  sites  can  be  brought  back  into  the  shift  register  and  clocked  out. 

We  were  able  to  use  part  of  a  100-  x  400-element  CCD  imager^**  for  the  accumu¬ 
lator.  This  device  has  a  405-stage  output  register  with  an  electrical  input, 
and  charge  can  be  exchanged  between  this  register  and  the  bottom  row  of  400 
imaging  cells,  which  serve  as  storage  sites. 

In  this  2-D  correlation  system,  we  perform  a  series  of  1-D  correlations 
using  the  PTF  and  sum  them  in  the  accumulating  memory  to  produce  the  2-D 
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Fig.  IV-13.  Diagram  of  CCD-based  system  which  performs  correlation 
of  a  256  X  256  signal  with  a  32  x  32  reference. 


correlation.  If  s(i,j)  and  r(i,j)  are  the  signal  and  reference  values 


corresponding  to  row  i  and  column  j  each  array,  then  the  crosscorrelation 


c(m,n)  is  given  by 
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These  equations  also  define  a  partial  or  one-dimensional  correlation  vector 
p(i,  i  +  m,  n),  n  =  0,...,255  which  is  the  correlation  of  row  i  of  the 
reference  with  row  i  +  m  of  the  signal.  Equation  (IV-I)  shows  that  32  of 
these  1-D  correlations  are  then  vector-summed  to  produce  c(m,n)  or  row  m  of 
the  crosscorrelation  matrix.  In  our  system,  the  PTF  computes  the  p-vectors 
while  the  accumulating  memory  sums  these  vectors. 

The  sequence  by  which  the  2-D  correlation  is  formed  is  as  follows. 

Row  0  of  the  reference  is  loaded  into  the  PTF  tap-weight  storage  and  corre¬ 
lated  with  row  0  of  the  signal,  and  the  result  is  stored  in  the  accumulator. 
Then,  row  1  of  the  signal  and  row  1  of  the  reference  are  correlated  and  the 
result  added  to  the  first  correlation.  This  process  continues  until  rows  31 
of  the  signal  and  reference  are  correlated.  The  accumulator  then  contains 
the  first  row  of  the  crosscorrelation,  which  is  clocked  out.  To  produce  the 
second  row  of  the  crosscorrelation,  reference  rows  0  through  31  are 
correlated  with  signal  rows  1  through  32,  and  for  each  succeeding  cycle  the 
starting  address  of  the  signal  memory  row  is  advanced  by  one.  One  additional 
point  is  that,  for  our  system,  the  signal  matrix  indices  in  Eq.  (IV-1)  are  to 
be  understood  as  modulo  256.  This  means  that  the  correlations  are  cyclic  in 
both  dimensions  and  chat  the  2-D  correlation  is  of  size  256  x  256.  This  is 
the  same  procedure  as  would  occur  in  a  digital  computation  if  the  correlation 
is  computed  using  2-D  discrete  Fourier  transforms,  since  cyclic  convolutions 
are  implicit  in  Chat  method. 

The  correlation  system  shc^-n  in  Fig.  IV-13  is  capable  of  expansion  to 
larger  signal-  and  reference-array  sizes.  The  width  (number  of  columns)  of 
the  signal  memory  is  limited  by  the  number  of  storage  sites  in  the  accumu¬ 
lator,  while  the  height  of  the  signal  array  could  be  expanded  indefinitely. 
The  width  of  the  reference  array  is  set  equal  to  the  number  of  taps  on  the 
PTF,  while  the  reference  height  is  limited  by  the  charge  storage  capacity  of 
the  accumulator.  Actually,  the  reference  width  can  be  made  wider  (within 
limits  imposed  by  the  accumulator  charge  capacity)  by  breaking  each  row  of 
the  reference  into  segments  of  32  or  less  and  correlating  each  segment  with  a 
given  signal  row.  In  this  case,  the  addressing  circuitry  of  the  signal 
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memory  must  start  at  different  column  indices  for  each  reference  segment  to 
ensure  that  the  partial  correlations  are  properly  aligned  when  summed  in  the 
accumulator.  In  addition  to  these  possibilities,  it  should  be  mentioned  that 
this  concept  can  be  extended  to  any  number  of  dimensions  for  signal  or  ref¬ 
erence.  Thus,  using  the  transversal  filter/accumulator  combination  as  the 
key  computational  component,  any  multidimensional  correlator  can  be  config¬ 
ured  simply  by  modifying  the  addressing  and  timing  logic  and  the  size  of  the 
memories. 

A  photograph  of  the  system  in  Fig.  IV-14  shows  a  cage  of  32  cards 
(mostly  wire-wrap)  and  a  control  panel.  A  large  fraction  of  the  cards  (13 
plus  a  spare)  are  allocated  to  the  164K  bytes  of  memory;  10  cards  supply  the 
remaining  logic  functions,  such  as  clocking,  memory  control,  and  computer 
interface;  and  5  cards  supply  the  display  drive  signals.  The  CCDs  and  all 
their  support  circuitry  occupy  only  3  cards.  The  system  size  could  easily  be 
halved  with  a  modest  redesign  effort,  with  the  largest  reduction  occurring  if 
the  8K  static  RAMs  used  in  the  memory  were  replaced  with  64K  dynamic  RAMs. 

We  have  performed  preliminary  tests  to  demonstrate  the  system 
capabilities,  and  some  results  are  shown  in  Figs.  IV-15(a-c)  and  IV-16(a-b). 
In  Fig.  IV-15(a),  a  test  signal  is  shown  in  a  quasi-3-D  display;  it  consists 
of  a  32-  X  32-pixel  pyramid  shape  against  a  zero  background.  The  pyramid 
height  is  64,  or  1/2  the  maximum  amplitude  of  127  (signal  memory  range  is 
-128  to  +127).  The  32  x  32  reference  for  these  tests  was  the  same  pyramid, 
but  with  6-bit  resolution.  This  shape  was  chosen  because  it  utilizes  a 
variety  of  tap-weight  configurations  on  the  PTF  and  because  it  was  easy  to 
generate  in  software.  Figure  IV-15(b)  shows  the  resulting  correlation  which 
has  been  digitized  to  8  bits  and  stored  in  the  correlation  memory,  while 
Fig.  IV-15(c)  shows  the  calculated  result.  The  striations  in  the  CCD 
correlation  are  a  result  of  clock  feedthrough,  which  we  expect  to  be 
diminished  with  some  further  effort.  In  Fig.  IV-16(a)  we  have  added  white 
Gaussian  noise  of  rms  value  64  to  the  pyramid  so  that  signal/noise  equals  1. 
The  2-D-correlation  result  shown  in  Fig.  IV-16(b)  clearly  reveals  the 
presence  of  the  signal.  In  Figs.  IV-16(a)  and  (b)  the  y-axis  amplitude  has 
been  reduced  from  that  of  Fig.  IV-15  by  a  factor  of  four  for  visual  clarity. 
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Fig.  IV-15.  (a)  Photo  of  CRT  display  showing  256  x  256  input 

signal  to  correlator  consisting  of  a  32  x  32  element  pyramid 
shape.  (b)  CCD  2-D  correlation  of  signal  in  (a)  with  a  32  x 
32  reference  consisting  of  same  pyramid.  (c)  Exact 
calculation  of  correlation  depicted  in  (b). 


(b) 


Fig.  IV-16.  (a)  Same  signal  as  displayed 

but  with  added  white  Gaussian  noise  of  rms 
pyramid  height.  (b)  Correlation  of  signal 
32  X  32  pyramid  reference. 


in  Fig.lV-15(a) 
value  equal  to 
in  (a)  with 
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In  these  photographs  the  2-D  correlation  required  1  s,  but  the  high-speed 
correlations  by  the  PTF  used  only  about  0.4  s  of  this  time.  Most  of  the 
remaining  time  is  required  for  loading  the  PTF  tap-weight  storage  registers. 
This  number  could,  with  some  improvements  in  logic  design,  be  reduced  to  the 
point  of  nearly  eliminating  correlator  idle  time.  Even  with  1-s  correlation 
time,  the  system  is  performing  the  equivalent  of  64  million  multiplies  and 
adds  per  second. 


B.E. Burke  G.R.  McCully  (Group  36) 

A.M.  Chiang  J.F.  Melia  (Group  36) 

W.H.  McGonagle 
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V.  ANALOG  DEVICE  TECHNOLOGY 

A.  CONSIDERATIONS  FOR  AN  INTEGRATED  OPTICAL  SPECTRUM 
ANALYZER  (lOSA) 

In  a  previous  report,^  the  design  of  the  detector  array  and  input  lens 
of  an  lOSA  were  discussed.  This  report  addresses  the  design  of  the  Bragg 
cell  and  the  output  lens. 

1.  Bragg-Cell  Design 

The  Bragg  cell  (Fig.  V-l)  is  the  heart  of  an  lOSA.  The  collimated 
optical  beam  from  the  input  lens  is  diffracted  by  a  traveling  acoustic  wave 
via  the  photoelastic  nonlinearity  of  the  cell.  The  diffraction  angle  0 

B 

(Fig.  V-2)  is 

®B  °  2^77“ 

a 

tfhere  is  the  optical  wavelength,  n  is  the  refractive  index,  v^  is  the 
acoustic  velocity,  and  f  is  the  acoustic  frequency.  For  small  diffraction 
angles,  the  beam  deflection  is  thus  linearly  related  to  the  acoustic 
frequency. 

The  most  important  parameters  of  the  Bragg  cell  are  diffraction  effi¬ 
ciency  and  bandwidth.  The  efficiency  can  be  increased  by  increasing  the 
acoustic  power  P^  or  the  interaction  width  L.  In  practice,  however,  the 
acoustic  power  is  limited  to  less  than  ~1  W  by  transducer  and  amplifier  con¬ 
siderations.  Increasing  the  interaction  width  reduces  the  bandwidth  because 
of  the  accumulated  phase  mismatch  AkL  (Fig.  V-2)  across  the  cell  for  frequen¬ 
cies  not  satisfying  the  Bragg  condition  lEq.  (V-1)].  Thus,  a  compromise  must 
be  made  between  efficiency  and  bandwidth.  For  isotropic  diffraction,  the 
3-dB  acoustooptic  bandwidth  is  approximately  given  by 

1.77  nv^  cos  0_ 
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Fig.  V-1.  Block  diagram  of  an  acoustooptic  spectrum  analyzer. 
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Fig.  V-2.  Isotropic  Bragg-scattering  diagram. 


The  corresponding  diffraction  efficiency  for  an  octave  bandwidth  (Af/f^  ■ 
2/3)  is 


n 


13.1  cos  0^ 

x\ 

o 


(V-3) 


%fhere  M2  is  an  acoustooptic  figure  of  merit, ^  is  the  acoustic  wavelength, 
and  H  is  the  height  of  the  acoustic  beam.  For  a  typical  SAW  device  on 
LiNbOj ,  n  is  less  than  0.5  percent.  A  higher  efficiency  is  desirable  in 
order  to  achieve  a  larger  dynamic  range.  An  upper  limit  of  n  **  3  percent  is 
consistent  with  requiring  two-tone  intermodulation  products  <-40  dB  (see 
Ref.  3).  Isotropic  diffraction  efficiency  is  thus  one-order-of-magnitude 
lower  than  desired.  Two  techniques  can  be  used  to  increase  the  efficiency- 
bandwidth  product:  beam  steering  and  birefringent  diffraction. 

With  beam  steering,  the  direction  of  the  acoustic  beam  if.  varied  to  more 
closely  satisfy  the  Bragg  condition  over  an  extended  frequency  range.  Three 
transducer  configurations  for  achieving  this**”®  are  shown  in  Fig.  V-3(a-c). 

A  passive  phased  array  has  the  advantage  that  it  can  also  be  implemented  with 
bulk-wave  transducers  (Fig.  V-3(c)-( ii) ] .  Unfortunately,  the  Bragg  angle 
cannot  be  tracked  exactly  with  a  phased  array.  However,  considerable 
bandwidth  broadening  can  be  achieved.  If  the  Bragg  condition  is  satisfied  at 
two  frequencies  equally  spaced  on  either  side  of  the  center  frequency  f^. 
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where  6^^  ■  AkL/2  is  the  phase  mismatch  at  f^.  For  example,  if  a  1-dB  dip  in 
diffraction  efficiency  at  f^  is  acceptable,  then  6^^  ■  -0.262  and 
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Fig.  V-3.  Beam-steering  transducer  configurations:  (a)  array  of 
stagger-tuned  tilted  SAW  interdigital  transducers;  (b)  SAW  chirp 
transducer  with  continuously  tilted  fingers;  (c)  passive  phased 
arrays:  (i)  SAW  interdigital  transducers,  (ii)  bulk-wave 

transducers. 


The  diffraction  efficiency  of  an  octave-bandwidth  transducer  with  and  without 
beam  steering  is  sho«m  in  Fig.  V-4. 

While  beam  steering  is  possible  in  all  media,  birefringent  diffraction 
is  applicable  only  to  anisotropic  crystals  such  as  LiNbOj.  Incident  and 
diffracted  beams  have  different  polarizations  and  thus  propagate  with  a  dif¬ 
ferent  phase  velocity.  With  anisotropic  diffraction,  the  acoustic  k-vector 
required  for  phase  matching  (i.e.,  Bragg  diffraction)  can  be  chosen  to  be 
tangential  to  the  k-surface  of  the  diffracted  beam  (Fig.  V-5).  The  momentum 
mismatch  Ak  of  the  diffracted  beam  is  then  much  less  than  for  isotropic  dif¬ 
fraction  (Fig.  V-2).  The  bandwidth  is  identical  to  isotropic  diffraction 
with  a  phased-array  transducer  calculated  by  Eq.  (V-4).  A  further  benefit  of 
birefringence  is  that  the  change  in  polarization  of  the  diffracted  beam  may 
permit  discrimination  against  the  undiffracted  beam. 

Finally,  beas  steering  and  birefringent  diffraction  can  be  used  to¬ 
gether.  This  does  not  result  in  any  further  gain  in  bandwidth.  However, 


0.6  067 


NORMALIZED  FREQUENCY  (F/F^) 


Fig.  V-4.  Relative  diffraction  efficiency  of  an  octave-bandwidth 
Bragg  cell  employing  (a)  a  phased-array  transducer,  and  (b)  a 
single  transducer. 
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Fig.  V-5.  Anisotropic  Bragg-scattering  diagram. 

offers  the  advantage  of  achieving  broadband  birefringent  diffraction  in  a 
crystal  which  is  not  sufficiently  anisotropic  to  realize  the  birefringent 
broadening  considered  above.  The  required  birefringence  is  given  by 
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which  may  exceed  that  which  can  be  obtained  from  the  crystal. 

2.  Output-Lens  Design 

The  output  lens  focuses  the  diffracted  output  of  the  Bragg  cell  on  the 
detector  array  in  the  focal  plane.  Selection  of  the  appropriate  optical 
aperture  and  weighting  were  considered  previously^  with  respect  to  the  design 
of  the  input  lens.  It  is  therefore  assumed  that  no  weighting  is  required  in 
the  output  lens.  In  this  respect,  the  design  of  the  output  lens  is  somewhat 
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tiapler  than  the  design  of  the  input  lens.  However,  the  output  lens  has  one 
additional  requireisent:  it  must  have  a  sufficiently  wide  field  of  view  to 
accept  the  full  angular  dis«.ribution  of  the  diffracted  light.  In  contrast, 
the  field  of  view  of  the  input  lens  can  be  much  less.  For  1-GHz  bandwidth 
diffraction  by  a  SAW  on  LiNbO,  (X  ~  0.82  in,  n  ~  2.2,  v  ■  3488  m/s),  from 
Eq.  (V-1)  the  estimated  required  angular  field  of  view  is  approximately  3.1* 
for  the  output  lens. 

Means  by  which  to  combine,  in  integrated  form,  the  mighted  input  lens, 
wide-aperture  output  lens,  and  monolithic  detector  array  described  previously 
with  a  bulk-acoustic-wave  Bragg  cell  incorporating  beam  steering  are  cur¬ 
rently  under  study. 

P.V.  Wright 

B.  SUPERCONDUCTIVE  CONVOLVER 

Superconductive  convolvers  capable  of  processing  irideband  (2  to  10  GHz) 
analog  signals  are  currently  under  development.  These  devices  will  be  based 
upon  a  superconductive,  niobium  technology  developed  at  Lincoln  Laboratory 
and  elsewhere.  Fabrication  techniques  for  producing  stable,  high-quality, 
superconductive  tunnel  junctions  and  high-resolution  niobium  patterns  cur¬ 
rently  exist. ^  The  tunnel  junctions  provide  the  efficient  nonlinear  elements 
for  mixing,  while  the  superconductive  niobium  lines  provide  low-loss  circuits 
for  electroBiagnetic  delay  and  summation.  Realization  of  adequate  delay 
OlOO  ns)  on  reasonably  sized  substrates  (<25  cm^)  requires  the  development 
of  long  OlO  m)  superconductive  lines  on  thin  (25  to  125  pm),  defect-free 
dielectrics.^  The  goal  is  to  achieve  time-bandwidth  products  of  1000  or 
greater,  which  will  require  an  integrated  superconducting  circuit  with  1000 
or  more  mixers. 

A  preliminary  superconductive  convolver  has  been  fabricated  and  evalu¬ 
ated;  it  is  shown  in  Fig.  V-6.  The  device  consists  of  a  1.5-m-long  meander 
line,  20  proximity  taps,  19  mixers,  19  bias  resistors,  and  a  low-impedance 
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Fig.  V-6.  Superconductive  convolver  with  19  taps  fabricated 
on  a  sapphire  substrate. 


output  line  integrated  on  a  crystalline  sapphire  substrate  (2.5  x  5.1  x 
0.013  cm).  It  is  fabricated  with  eight  thin  films.  A  niobium  ground  plane 
is  on  the  underside.  The  seven  layers  on  the  topside  include  a  niobiim  me¬ 
ander  line  occupying  roost  of  the  substrate  surface,  and  a  niobium  output 
line.  Windows  etched  in  silicon  monoxide  over  the  output  line  allow 
formation  of  thin  niobium  pentoxide  tunnel  barriers.  A  covering  of  lead 
forms  the  mixer  counterelectrodes,  as  well  as  the  tap  array.  An  array  of 
meander  indium-gold  resistors  feeds  bias  to  the  mixers.  An  additional  layer 
of  silicon  monoxide  provides  passivation. 

Signal  and  reference  waveforms  are  entered  at  ports  A  and  C,  respec¬ 
tively,  and  counterpropagate  through  the  niobium  meander  line.  The  coupling 
of  the  meander  line  to  a  single  tap  can  be  measured  at  port  B.  The  remaining 
19  taps,  integrated  with  mixers,  create  the  product  of  local  signal  and  ref¬ 
erence  fields.  Bias  currents  to  optimize  mixing  efficiency  are  distributed 
through  normal-metal  resistors  from  port  E.  The  output  signal,  obtained  by 
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spatially  summing  the  mixer  products  on  the  output  line,  propagates  to  port 
D,  with  port  F  being  terminated.  Propagation  of  the  signals  from  opposite 
ends  of  the  delay  line  produces  a  relative  reversal  and  shifting  of  the  input 
waveforms,  the  nonlinear  element  multiplies,  and  the  short  output  transmis¬ 
sion  line  integrates;  thus,  the  output  signal  represents  the  convolution  of 
the  input  signals.  Because  both  of  the  spatial  patterns  are  moving,  there  is 
a  halving  of  the  time  scale  at  the  output  -  that  is,  the  center  frequency  and 
bandwidth  are  doubled. 

The  1.5-m-long  delay  line  has  a  measured  voltage  reflection  coefficient 
of  0.03  (implying  an  impedance  of  53  0)  and  provides  a  delay  of  14  ns,  as 

shown  in  Fig.  V-7.  The  meander  line  has  40  bends  with  time-delay  spacings  of 

0.33  ns  and  19  capacitive  taps  with  spacings  of  0.67  ns.  The  meander-line 
bends  have  a  small  effect  on  the  delay-line  response.  However,  the  capaci¬ 
tive  loading  of  the  delay  line  by  the  taps  is  readily  observed  with  time- 
domain  reflector  measurements.  The  tap-to-delay-line  coupling  is  larger  than 
predicted,  being  a  nominal  -20  dB  with  ±6  dB  of  ripple  over  the  desired  2-  to 

4-GHz  input  band.  New  designs  will  incorporate  weaker  tap  coupling.  The 

periodic  spacing  of  the  taps  introduces  a  200-NHz-wide  stopband  near  the 
center  frequency  (~3  GHz)  of  the  device.  This  effect  will  be  minimized  by 
reducing  the  magnitude  of  the  capacitive  discontinuities  and  by  some  randomi¬ 
zation  in  tap  spacings  and  line  lengths. 

By  injecting  a  short  pulse  (~200  ps)  into  the  input  delay  line,  the 
coupling  into  the  output  line  can  be  observed  directly  with  a  sampling  oscil¬ 
loscope,  as  shown  in  Fig.  V-8.  The  first  and  last  pulses  in  the  photograph 
are  dominated  by  direct  coupling  between  the  input  and  output  circuits  as  the 
short  pulse  enters  and  leaves  the  microstrip  delay  line.  The  18  pulses  in- 
between,  and  a  portion  of  the  last  pulse,  are  due  to  sampling  of  the  propa¬ 
gating  pulse  by  the  capacitive  taps.  The  amplitude  taper  ('^  dB)  of  the 
sampled  pulse  is  due  to  predicted  propagation  losses  on  the  output  line. 

This  loss  is  introduced  by  loading  of  the  output  line  by  the  mixers  and  bias 
resistors.  The  loading  can  be  reduced  by  increasing  the  impedance  of  the 
diodes  or  by  lowering  the  impedance  of  the  output  line  below  its  current  12-G 
value. 


95 


Fig.  V-7.  Time-domain  ref lectometer  response  of  convolver  delay 
line  to  step-function  applied  voltage,  showing  sum  of  incident 
and  reflected  voltages  as  a  function  of  time.  For  convenience, 
the  vertical  scale  has  been  calibrated  to  read  directly  in 
voltage  reflection  coefficient  by  assigning  zero  reflection  to 
the  response  of  a  50-il  termination  and  negative  unit  reflection 
to  the  response  for  a  short-circuit  termination.  Small  bumps 
appearing  at  delay  times  of  about  10,  19,  33,  and  47  ns  are  due 
to  discontinuities  associated  with  packaging.  Closely  spaced 
reflections  are  due  to  capacitive  loading  of  superconductive 
transmission  line  by  taps.  Scales:  vertical,  0.2/div; 
horizontal,  5  ns/div. 


The  output  spectrum  of  the  device  with  input  tones  centered  at  3.45  and 
3.55  GHz  is  shown  in  Fig.  V-9.  The  line  centered  at  7.0  GHz  is  the  desired 
product  of  the  two  input  tones.  The  spectral  lines  centered  at  6.9  and 
7.1  GHz  are  the  self-products  of  the  individual  inputs.  This  is  a  source  of 
spurious  signal  which  occurs  because  the  discrete  nature  of  the  taps  and 
mixers  does  not  afford  wavevector  selection  between  the  spatially  uniform 
cross-product  and  the  spatially  varying  self-products.  These  self-products 
can  be  suppressed  in  a  variety  of  ways.  Random  placement  of  the  discrete 
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Fig.  V-9.  Output  spectrum  of  convolver  with  input  CW  tones 
centered  at  3.43  and  3.55  GHz. 


taps,  or  use  of  offset  input  frequencies  and  a  propagating  output,  should 
result  in  these  spurious  signals  being  averaged  to  acceptable  levels.  Alter¬ 
natively,  balanced  mixer  configurations  can  be  used.  The  measurement  in 
Fig.  V-9  was  made  at  very  narrow  bandwidth  (0.1  MHz).  When  wideband  (~4  GHz) 
measurements  are  made,  the  thermal  noise  floor  is  near  or  even  above  the 
output  level  of  the  desired  cross-product.  Future  designs  will  incorporate 
iiiq>edance-matching  output  circuits  to  improve  the  device  dynamic  range. 
Because  of  the  very  low  losses  (<1  dB)  in  the  meander  line,  the  input  effi¬ 
ciency  of  the  device  is  more  than  adequate.  However,  saturation  of  the 
superconductive  diodes  will  impose  an  upper  limit  on  the  maximum  output  power 
which  can  be  obtained.  The  dynamic  range  of  the  device  will  be  further  im¬ 
proved  by  using  serial  arrays  of  the  superconductive  diodes  at  each  tap. 

S.A.  Reible 
R.W.  Ralston 
A.C.  Anderson 


C.  COMPACT  MULTIPLE-CHANNEL  SAW  SLIDINO-WINDOW 
SPECTRUM  ANALYZER 

A  SAW  chirp-Fourier-transform  spectrum  analyzer  is  under  development  for 
use  by  Lincoln  Laboratory  in  an  airborne  CO2  laser  radar  operating  at  10.6  pm 
(see  Refs.  9  and  10).  The  radar  is  designed  to  first  detect  moving  objects 
using  a  CW  mode  of  operation,  then  to  identify  and  classify  these  objects  by 
providing  high-resolution  images  using  a  pulsed  mode.  The  high  carrier  fre¬ 
quency  results  in  a  large  84-kHz  Doppler-shifted  return  from  a  target  moving 
1.6  km/h  (1  mph)  relative  to  a  stationary  target.  To  accommodate  a  ±100-km/h 
range,  a  bandwidth  of  about  10  MHz  is  required. 

The  parameters  of  the  spectrum  analyzer  needed  for  moving-target  identi¬ 
fication  (MTI)  are  well  matched  to  those  available  from  a  SAW  chirp-Fourier- 
1112 

transform  system.  *  Furthermore,  the  speed,  size,  power,  and  weight  advan¬ 
tages  of  the  SAW  approach  are  particularly  important  for  this  application, 
which  requires  simultaneous  processing  of  12  scanning  laser  beams.  Addi¬ 
tional  specifications  for  the  spectrum  analyzer  are  a  dynamic  range  greater 
than  50  dB,  a  peak-to-f irst-sidelobe  ratio  greater  than  25  dB, 


an  Input  duty  factor  greater  than  50  percent,  no  more  than  a  20-MH2  output- 
spectrum  sampling  rate  (at  one  sample  per  84-kHz  resolution  cell),  and  an 
input  power  below  -10  dBm. 

1.  System  Architecture 

Two  basic  configurations,  the  mult iply-convolve-mu? t i ply  (M-C-M)  and  the 
convolve-mult iply-convolve  (C-M-C),  exist  for  implementing  a  SAW  chirp- 
transform  spectrum  analyzer.  The  spectral  phase  is  of  no  interest;  thus,  the 
final  multiply  in  the  M-C-M  structure  can  be  omitted.  This  structure  is 
denoted  by  M-C-(M).  Since  only  narrowband  inputs  are  to  be  processed,  the 
first  convolving  element  in  the  C-M-C  structure  can  be  eliminated.  This 
structure  is  denoted  by  (C)-M-C.  These  configurations  are  shown  schemati¬ 
cally  in  Fig.  V-10.  The  (C)-M-C  version  has  a  "sliding"  window  producing 
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Fig.  V-10.  Multiply-convolve-(multiply)  and  (convolve)-mult iply- 
convolve  configurations. 


the  output  from  different  input  time  windows,  depending  on  input  frequency. 
Although  both  these  variations  are  M-C  structures,  the  multiplying-chirp 
duration  is  shorter  than  the  convolving-chirp  duration  in  the  M-C-(M)  struc¬ 
ture,  while  the  opposite  is  true  for  the  (C)-M-C  structure.  In  each  case, 
the  output  is  valid  only  over  a  period  of  time  given  by  the  difference  in 
length  between  the  convolving  and  the  multiplying  chirps. 

Weighting  required  for  sidelobe  suppression  is  readily  incorporated  as 
an  amplitude  weighting  of  the  compressor  in  the  (C)-M-C  structure,  ifhereas 
the  input  to  the  M-C-(M)  structure  must  be  preweighted  for  sidelobe  suppres¬ 
sion.  Thus,  the  12-channel  spectrum  analyzer  uses  the  simpler  (C)-M-C  struc¬ 
ture  in  which  12,  short,  internally  weighted  compressors,  one  for  each  chan¬ 
nel,  are  fed  with  inputs  premultiplied  by  a  single  long  expander. 

2.  Device  Characteristics 

All  the  chirp  filters  used  for  this  application  are  reflective-array 
compressors  (RACs).  The  25-dB  sidelobe-suppression  requirement  was  exceeded 
by  choosing  a  modified  Hamming  weighting  with  cosine-squared  tails  for  the 
compressors.  With  this  compressor  impulse  response,  the  far-out  sidelobes 
fell  off  significantly  faster  than  the  unmodified  Hamming  roll-off.  The 
20-us  length  chosen  for  the  compressor  produced  a  3-dB  Hamming  resolution  of 
63  kHz,  while  the  30-vi8  length  chosen  for  the  expander  produced  a  67-percent 
input  duty  factor  and  a  33-percent  output  duty  factor.  The  compressor  length 
is  consistent  with  the  coherence  time  expected  of  the  target  returns,  and  the 
lO-ps-long  10-MHz-bandwidth  output  spectrum  requires  only  a  12-MHz  output¬ 
sampling  rate  at  the  8A-kHz  resolution.  The  10-MHz  output  was  obtained  using 
a  bandwidth  of  20  MHz  for  the  compressor  and  30  MHz  for  the  expander. 

In  order  to  eliminate  the  need  for  spectral  inversion  of  the  expanded 
chirp,  the  12  compressors  are  up-chirp  devices  while  the  single  expander  is  a 
down-chirp  device.  The  center  frequencies  of  these  devices  were  kept 
relatively  low  to  avoid  the  higher  propagation  losses  encountered  in  high- 
frequency  up-chirp  devices.  Center  frequencies  of  85  MHz  for  the  compressors 
and  125  MHz  for  the  expander  were  chosen,  which  resulted  in  a  satisfactory 


level  of  mixer  spurious  signals  and  percentage  bandwidths  below  Che 
25-percenC  reasonable  upper  limit  for  RAC  devices. 

The  midband  insertion  loss  for  both  RAC  devices  is  30  dB  and  provides 
Che  required  triple-transit  suppression.  The  expander  possesses  ~3.3  dB  of 
(x/sin  x)  weighting  Co  compensate  for  Che  spectrum  of  Che  32-ns-wide  4-cycle 
impulse  used  for  chirp  generation.  With  5-ub  device  pedestals  of  delay,  the 
valid  output  spectrum  emerges  ~30  ys  after  reception  of  an  impulse  trigger 
and  extends  for  10  ys. 

3.  The  Spectrum  Analyzer 

A  diagram  of  Che  12-channel  specCrtan  analyzer  is  shown  in  Fig.  V-11. 

The  chirp  generator,  shared  by  all  the  channels,  contains  an  impulse 
generator,  the  expander,  amplifiers,  monitors,  and  a  two-way  divider, 
all  on  a  single  8-  x  10-in.  printed-circuit  (PC)  board  utilizing  50-0  lines 
for  RF  signals. 
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Fig.  v-11.  Circuit  schematic  of  12-channel  SAW  spectrum  analyzer: 
(a)  chirp-generator  board,  (b)  analyzer  board. 
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The  12  channels,  each  consisting  of  a  single  compressor,  a  mixer,  and 
amplifiers,  are  contained  -  6  channels  to  a  board  -  on  two  8-  x  10-in.  PC 
boards.  The  multiplying  chirp  is  evenly  divided  six  ways  on  each  of  the 
spectrum-analyzer  boards.  The  power  levels  shown  in  Fig.  V-11  were  chosen  to 
minimize  overall  power,  size,  cost,  and  weight  while  meeting  the  specified 
requirements.  Together,  the  three  boards  draw  approximately  16  W.  These 
boards  are  mounted  in  a  3-  x  8-  x  10-in.  module  which  is  shown  in  Fig.  V-12 
with  a  spectrum-analyzer  board  removed  and  the  chirp-generator  board  exposed. 
Accuracy  is  maintained  even  with  temperature  drifts  by  processing  the 
temperature-variable  location  of  the  spectral  components  relative  to  a  pur¬ 
posely  injected  zero-Doppler  component.  Although  not  all  the  required  RAC 
compressors  have  been  fabricated,  tests  with  existing  compressors  have  shown 
that  every  system  requirement  has  been  met  or  exceeded. 


Fig.  V-12.  Multiple-channel  spectrum-analyzer  module  with  cover 
and  a  6-channel  compressor  board  removed  to  expose  chirp- 
generator  board. 
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The  major  components  of  a  laser  radar  system,  complete  with  the  SAW 
spectrum  analyser,  are  currently  being  extensively  tested  in  the  laboratory. 

A  typical  result  is  shown  in  Fig.  V-13.  An  automobile  was  driven  at  constant 
velocity  through  a  stationary  beam.  The  characteristic,  singlet-velocity 
return  of  the  car  body  changes  to  a  broad,  high-velocity  returif  as  the 
wheels  -  somewhat  above  axle  height  -  are  illuminated. 
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